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a t m idshell and  a t th e  sam e tim e  indicates th e  d e p a rtu re  from  th is  
tren d . Half-life values of < 52  ps and  204 ±  45 ps, and  th e  E0 tran s itio n  
energy of 1321 keV  are th e  q u an titie s  ob tained  in th is  work. T he  0+ 
levels from  184Hg to  190Hg are  as a  resu lt of th e  2p-4h excita tions where 
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ABSTRACT
Nuclei in th e  n eu tro n  deficient Z < 82 region have a ttra c te d  considerable a tte n ­
tion  since research  a t U N ISO R  first observed th e  nearly  degenerate  nuclear shape 
coexistence in  184- 188Hg. T he  deform ed p ro la te  shapes in th is  region are  believed 
to  resu lt from  a p ro ton  pa ir ex c ita tion  in to  th e  h9/ 2 shell m odel o rb ita l which lies 
above th e  closed p ro ton  shell a t Z=82. In th e  region far from  stab ility  (w here the  
neu tro n  shell is ha lf filled), th e  degeneracy of th e  shape coexistence is m axim um . 
These p ro la te  deform ed in truder  s ta tes  in th e  Hg isotopes have been identified  in 
rad ioactive  decay studies for n eu tro n  num bers 104 to  108. I t has been dem o n stra ted  
th a t  enhancem en t of EO tran sitio n s  betw een coexisting shapes is a com m on fea tu re  
and  th a t  a m easure  of th is  enhancem en t can be used to  investiga te  th e  origins of 
nuclear shape  coexistence. In 186Hg and  188Hg, EO tran sitio n s  th a t  connect th e  coex­
isting  shapes have been identified , b u t no d e te rm in a tio n  of th e  m ixing betw een these 
configurations was done since th e  m easu rem en t of th e  lifetim e of these s ta tes  is a  
difficult experim en ta l problem . T h a t difficulty was overcom e in th is  work however, 
and  life tim e m easurem ents were carried  out in 186Hg and  188Hg. T he  d a ta  show th a t  
m ix ing  of these  shape  coexisting configurations is q u ite  large a t th e  m id -neu tron  
shell and  decreases w ith  d e p a rtu re  from  th a t  po in t.
T heo re tica l p red ic tions do n o t ind ica te  th e  ex istence of th is  deform ed config­
u ra tio n  in Hg isotopes heavier th a n  188Hg. E xperim en ts  carried  o u t in th is  work, 
however show a  weakly p o pu la ted  in tru d e r band  in  190Hg which th en  d isappears or 
changes ch arac te r in 192Hg.
Superdeform ed bands in  Hg isotopes have been identified  in  several Hg isotopes 
by in -beam  spectroscopy, b u t have never been  placed in  th e  energy level schem e. In 
b e ta  decay, based on energy and  angu lar m om en tum  considerations, it m aybe pos­
sible to  p o p u la te  th e  superdeform ed  bands and  precisely loca te  th em  in th e  energy 
level schem es. A new techn ique, u tiliz ing  in te rn a l pa ir fo rm ation , was developed to  
provide g rea ter sensitiv ity . W hile superdeform ed s ta tes  were no t observed, th e  d a ta  
enable one to  set sensitive lim its  on th e  possible popu la tion  of th e  superdeform ed 
s ta tes  in 190’192Hg from  190>192T1 b e ta  decay.
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C H A P T E R  1
INTRODUCTION
T h e  nucleus is a  m any-body  system  th a t  contains up to  a  few h u nd red  nucleons 
and  hence is a  collection of particles th a t  in te rac t ind iv idually  w ith  all th e  o thers 
nearby, while a t the  sam e tim e  exh ib iting  some collective features. W hen it comes to  
u n d ers tan d in g  th e  n a tu re  of these  in terac tions however, th e  whole process becom es 
q u ite  com plex as th e  nucleus has too m any nucleons to  be tre a te d  as a  m any-body 
prob lem , while a t th e  sam e tim e  it does not have enough nucleons to  be tre a te d  as 
a  s ta tis tic a l problem . In the  nucleus, a  change in th e  num ber of nucleons or change 
in  an ind iv idual nucleon in its rela tion  to  the  o ther nucleons su rrounding  it resu lts  
in  an appreciab le  change in th e  overall nuclear properties. O ne of th e  in te resting  
aspects of these nuclear p roperties is th e  shape of a  nucleus.
T h e  sim plest m odel for describing th e  nucleons in th e  nucleus is th e  Fermi Gas 
Model , which is sim ilar to  th e  free-electron gas m odel of th e  conduction  electrons 
in m eta ls  [1]. In th is  m odel it is assum ed th a t  each nucleon of th e  nucleus moves 
in  an a ttra c tiv e  net potential. T his ne t po ten tia l, resu lting  from  th e  nucleons and 
th e ir  in te rac tion , has a constan t dep th , like a  th ree-d im ensional fin ite  square-w ell 
p o ten tia l, since th e  d istrib u tio n  of the  nucleons is uniform  inside th e  region. T his 
p o ten tia l is independen t of the  charge on the  nucleons, vanishes ou tside  th e  nuclear 
volum e, is independen t of the  radial d istance inside th e  nuclear volum e, and  is 
spherically  sym m etric . In the  ground s ta te  the  nucleons, which are  all ferm ions
(in trinsic  spin s =  §), occupy th e  energy levels in th is ne t p o ten tia l in such a  way 
as to  m inim ize th e  to ta l energy and a t th e  sam e tim e obey th e  Pauli exclusion 
princip le, which prescribes th a t  no two particles w ith the  sam e q u an tu m  num bers 
can occupy th e  sam e energy level. T his th en  enables the  tre a tm e n t of ind iv idual 
nucleons bound  inside the  nucleus to  be tre a te d  in term s of the  independen t m otion 
of each nucleon inside th e  net po ten tia l. T his procedure is em ployed in th e  shell 
m odel of th e  nucleus, which is th e  basis of the  descrip tion  of low energy nuclear 
s tru c tu re .
As in th e  case of a tom ic physics, one observes inert gases when th e  a tom ic  o rb ita l 
shells are com pletely  filled. A sim ilar phenom enon is observed in nuclear physics 
w hen th e  nucleus has th e  num ber of pro tons (or neu trons or bo th ) equal to  2 , 8 , 
20, 50, 82, and  126, known as magic numbers  th a t  correspond to  com pletely  filled 
shells. W hen a nucleus has p ro tons or neu trons equal to  m agic num bers, th e  single 
p a rtic le  separa tion  energy ( th a t energy required  to  rem ove th e  least bound  partic le) 
is m uch higher (abou t 8 M eV) th an  in the  case where th e  partic le  num ber is not 
m agic [2]. T his energy is even higher when th e  case is doubly m agic, when b o th  the  
p ro ton  and the  neu tron  num bers equal m agic num bers. Thus, nuclei th a t  involve 
m agic num bers are  exceptionally  strongly  bound, resu lting  in m ore s tab ility  against 
p a rtic le  excitations.
T he p rocedure of th e  shell m odel involves finding the  energy levels of th e  neu trons 
and  pro tons in th e  net po ten tia l, which is approx im ated  to  th e  first o rder to  be an 
harm onic  oscillator po ten tia l.
where u> is th e  angular frequency of the  harm onic oscillator of m ass m , r  is the  
rad ia l d istance  from  the  center of th e  nucleus, V0 is the  po ten tia l a t  r  =  0 and  b is 
th e  rad ius of the  nucleus. T he energy of a  nucleon in th is infinite th ree-d im ensional 
harm onic  oscillator depends on th e  quan tum  num bers I (angular q u an tu m  num ber) 
and n  (rad ial q u an tu m  num ber) which specify th e  angular and th e  rad ia l behaviors, 
respectively, of th e  nucleon in th a t  level given by th e  re la tion  [3]
E  = h u ( N  +  | )  (1.2)
This gives rise to  equ id istan t energy levels w ith IV-fold degeneracy: w here A^  =  2 (n — 
1) +  /; n — 1,2, . . .  ; I =  0,1,2, . . .  , and N  is th e  oscillator quan tum  
num ber. T he  nucleons in add ition  to  the  net po ten tia l also feel a  strong  sp in-orb it 
in te rac tio n  proportional to  the  dot p roduct of spin and o rb ita l angu lar m om entum  
vectors, know n as the  spin-orbit coupling given by l-s. This gives a sp littin g  of the  
degenera te  energy levels generated  by th e  harm onic oscillator p o ten tia l, w here the  
doubly  degenerate  levels are sp lit in to  levels w ith the  to ta l q uan tum  num ber j  hav­
ing th e  value I +  |  (i.e., “spin u p ” ) and I — |  ( i.e .,“spin dow n” ). T he energy levels 
and th e  order in which they  are filled by the  nucleons th a t  resu lt from  th e  H arm onic 
oscillator p o ten tia l can be seen in Fig. 1.1. T he a ttrac tiv e  spin o rb it in terac tion  
resu lts in levels w ith j  = I +  \  being lower th an  j  =  / — | .  This m odel, w ith  the  
a p p ro p ria te  spin o rb it in terac tion , is able to  reproduce all th e  m agic num bers.
For nuclei where the  num ber of nucleons of any species is no t close to  th e  n um ­
ber needed for filling a subshell com pletely, the  subshells contain  several unpaired  
nucleons in th e  partia lly  filled subshell or several holes (defined as th e  absence of a 
nucleon b u t is tre a te d  as a nucleon). T he m agic num ber which resu lts from  shell
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F igure  1.1. T he order of filling of levels is given on th e  righ t-hand  side. T he colum n 
m arked  (2j  +  l )  shows th e  num ber of like nucleons th a t  can occupy th a t  level w ithou t 
v io lating  th e  Pauli exclusion principle, and th e  colum n m arked  w ith  £  (2 j +  l)  gives 
for each level th e  to ta l num ber of nucleons th a t  occupy th a t  level and  all th e  levels 
below it. T he  sym bol nlj  where j  = I ±  |  ind icates each level w ith  th e  ap p ro p ria te  
q u a n tu m  num bers. T he th ird  colum n indicates th e  m agic num bers th a t  corresponds 
to  th e  num ber of nucleons th a t  fill a  tigh tly-bound nucleus, ind ica ted  by large energy 
gaps above the levels w ith m agic num bers. T his figure is taken from  ref. [2],
5closure generates a  spherical “core” where th e  nucleons, equal to  th e  m agic num ber, 
inside have very little  role to  play in the  de te rm ina tion  of nuclear p roperties . T he 
nucleons (or holes) ou tside (or inside) the  core play an im p o rtan t role in th e  d e te r­
m in a tio n  of m ost of th e  nuclear properties. For exam ple ^ f S m ^  has 76 neu trons, 
six less th a n  th e  m agic num ber of 82, and 12 protons in  excess of th e  m agic num ber 
50, w here th e  nuclear p roperties are  m ain ly  determ ined  by th e  six neu tron-ho les and  
12 p ro ton -partic les. W hen two nucleons in a  level form  a  pair w ith  an tipara lle l an ­
gu lar m om entum  vectors, the  a ttra c tiv e  nuclear force betw een th em  m akes a  larger 
con tribu tion  to  th e  binding energy of the  nucleus and thus m akes th e  nucleus m ore 
stab le . T his resu lts  in th e  tendency  for th e  nucleons to  form  a  pair (w hen possible) 
and  m ain ta in  an tipara lle l to ta l angu lar m om entum  vectors.
A nucleus w ith  th e  num ber of nucleons of bo th  species equal to  a  m agic num ber 
w ould resu lt in a spherical shape of th e  nucleus, b u t deviation  from  these  num bers 
s ta r ts  to  in troduce  deform ations in the  nucleus. T he shape of a deform ed nucleus is 
best expressed in term s of its rad ius vector which can be given by th e  expression [4]
R  =  R(9, <j>) =  R 0
w here R 0 is th e  rad ius of a sphere w ith  th e  sam e volum e as th e  spheroid; Y are 
th e  spherical harm onics; and aXpi are the  expansion coefficients, w here A stands 
for th e  Xth te rm  in th e  expansion and ft is the  azim uthal separa tion  constan t [5]. 
A takes th e  values 1,2, . . .  , w hereas fi takes the  values —A to  A. For axially  
sym m etric  cases, w ith  the  z axis as the  sym m etry  axis, vanishes for all values of 
fj, except /< =  0. T he  deform ation  param eters  q;ao are redefined as th e  deform ation  
p a ram ete rs  /3\. A =  1 corresponds m ainly to  tran sla tion  of the  system , and A =
(1.3)
62 corresponds to  quadrupo le  deform ation , where th e  deform ations correspond to  
ellipsoidal configurations. In th e  case of quadrupole  deform ation  (A =  2 ), th e re  are  
five coefficients [4], b u t th e  fact th a t  th e  body axis can be m ade to  coincide w ith  
th e  p rincipal axis reduces the  five coefficients to  two coefficients, nam ely  020 and
0:22 (=  0 :2- 2)- T he coefficients <221 and 0 2 -1  vanish [4]. These rem ain ing  nonzero
coefficients are  expressed in w hat are known as th e  deform ation  p a ram ete rs  /3 and 
7  given by th e  relations
CH20 -  f3 ■ c o s i  (1.4)
«22 =  (1.5)
T he  deform ation  p a ram ete r /3 is p roportional to  th e  difference betw een th e  m ajo r 
and  m inor axes of a  sym m etric  ellipsoid [6 ], while 7  ind icates th e  type  of deform ed 
shape. For exam ple, 7  =  0° corresponds to  a p ro la te  spheroid (cigar-shaped) w ith  
th e  z axis as th e  sym m etry  axis, while 7  =  60° corresponds to  an ob la te  spheroid 
(d isk-shaped) w ith  th e  x-axis as the  sym m etry  axis, as seen in Fig. 1.2. T he  value 
of /? can be experim en tally  m easured  from  th e  intrinsic quadrupole m o m e n t , Qo, the  
m easure  of th e  d istrib u tio n  of charge in th e  nucleus, as Qo is d irec tly  p roportional 
to  /?.
In th e  region far from  closed shells, nuclei are known to  exist in various shapes 
such as spherical (/? =  0), p ro la te  (/? >  0, 7  =  0° or 120° or 240°), ob la te  (/3 <  
0 , 7  =  60° or 180° or 300°) or triax ia l (7  no t a m ultip le  of 60°). T he assum p­
tion  of a  deformed  single partic le  po ten tia l [7] can explain  experim en ta l facts, like 
th e  ex istence of ro ta tio n a l bands, very large quadrupole  m om ents, strongly  en ­
hanced  quadrupo le  tran sition  p robabilities, and so on, which are a p roduct of the
7Figure 1.2. N uclear shapes and th e ir o rien ta tion  on a  (3, 7  p lane
defo rm ation  in th e  nuclear shapes and difficult to  explain  w ith  a spherical shell 
m odel.
Since the  nuclear force has a  sm all range ( ~  1 fm ), in the  cases of nonspherical 
nuclear shapes, th e  theo re tical m odels assum e deform ed shape of th e  p o ten tia l is 
s im ila r to  the  shape  of th e  nuclear density. Nilsson [8 ] stud ied  the  approx im ation  
of th is  deform ed po ten tia l to  a  harm onic oscillator p o ten tia l (deform ed) in w hat 
is know n as th e  Nilsson m odel. In th is m odel I s  and  12 te rm s were added  to  the  
deform ed harm onic  oscillator p o ten tia l resu lting  in th e  following H am iltonian :
H ( x , y , z )  = ^ &  +  ^ u , x (x 2 + y 2) +  ^ \ z 2 +  C ls  +  D l2 (1.6) 
2m 2 2
w here C  is the  s tren g th  of the  spin o rb it in te rac tion  and D  is th e  s tren g th  of the  
correc tion  te rm  to  the  anharm onic  oscillator p o ten tia l, which tru n ca te s  the  p o ten ­
tia l m ore and m ore w ith increasing m ass num ber so as to  fit th e  level sp ec tra  of
deform ed nuclei [9]. T he  ojz and u>x are th e  oscillator frequencies along th e  z axis 
and  th e  axis perpend icu la r to  th e  z axis, respectively. T he term  D P  is responsi­
ble for th e  dow nw ard shifts of the  single partic le  levels w ith  larger I values, and 
I s  is responsible for th e  sp in -orb it in terac tion . T he first th ree  term s are  th e  h a r­
m onic oscillator te rm s, where th e  sw itch to  a rec tangu lar coord inate  system  becam e 
necessary since th e  deform ation  along th e  z axis can be seen d istin c tly  in th is  co­
o rd in a te  system . Owing to  th is  deform ed po ten tia l, th e  shells de te rm ined  by the  
single partic le  angu lar m om en tum  j  a t zero deform ation (spherical m odel) split up 
in to  (2j  -f l ) / 2  levels for nonzero deform ation . Each of these levels is th en  twofold 
degenerate  w ith  eigenvalues [7], th e  p ro jec tion  of to ta l angu lar m om en tum  j  on 
th e  sy m m etry  axis. T he two fold degeneracy in eigenvalue fi is th e  resu lt of th e  spins 
of partic les, paralle l and  an ti-para lle l to  th e  sym m etry  axis. T he  quadrupo le  field 
th a t  arises from  th e  deform ed H am ilton ian  [7] causes th e  levels w ith lower D values 
to  be  shifted  downw ards for positive  deform ations (p ro late  shapes) and to  be sh ifted  
upw ards for negative deform ations (oblate  shapes), as shown in Fig. 1.3. T h is  can 
be understood  from  th e  fact th a t  s ta tes  w ith  lower f I values have a  re la tive ly  h igher 
p robab ility  of being close to  th e  z axis, resu lting  in a  positive  quadrupo le  m om ent 
th a t  in  tu rn  pushes th e  energy levels downwards.
M ost nucleons co n trib u te  to  th e  core of the  nucleus and thus  to  th e  net p o ten tia l, 
leaving a  sm all num ber of nucleons known as valence nucleons. T he  process of 
e xc ita tion  of pro tons or neu trons th a t  leaves behind  holes is known as particle-ho le  
exc ita tion . T he  exc ita tion  of pro tons or neu trons across a closed shell gives rise to  
excited  s ta te s  known as in tru d e r s ta tes  [10, 11]. T he observation of in tru d e r s ta te s  
a t low exc ita tion  energies is a widely observed phenom enon [13, 14]. For exam ple
E N ER G Y
9
5 / 2 - -  
1/ 2 -  '
3 /2 -
5/ 2-
f 7/2
1/ 2 -
OBLATE DEFORMATION SPH ER IC A L PROLATE DEFORMATION
F igure 1.3. T h e  sp littin g  by the  quadrupo le  field of the  2j  +  1 fold degenerate  levels 
in to  levels w ith  eigenvalues f I. In th e  region w ith (3 < 0 som e of the  levels are 
pushed down because of the  in te rac tion  w ith levels above. T his figure is taken  from  
reference [12]
in tru d e r s ta te s  appear as l-p a rtic le -2hole ( lp - 2h) s ta tes  am ong odd-A  nuclei th a t  
have lh  ground s ta tes  (i.e., one partic le  exciting  from  1-h s ta te , leaving beh ind  a 
hole, gives rise to  an excited  partic le  and  two holes) and 2 p-2 h s ta te s  in  even-A  nuclei 
w ith  Op-Oh ground sta tes. In odd-A  nuclei, th e  pairing in te rac tion  in 2 p -lh  (or lp - 
2h) configurations and the  large energy gain from  th e  p ro ton -neu tron  in terac tion  
resu lts  in low-lying in tru d er sta tes. Sim ilarly, in an even-A nucleus, two pro tons 
could be excited  across th e  closed shell to  a  2p-2h excitation . T he  com petition  th a t  
arises betw een these low-lying deform ed s ta tes  w ith  the  ground s ta te s  and  o ther 
s ta tes  th a t  resu lts  from  such excita tions is known as shape-coexistence.
In A =190 isotopes, in truder s ta tes  have been found in several P b  isotopes with 
N > 108 [15], and  in the  Hg isotopes strongly deform ed bands have been established
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in 180Hg [16], 182Hg [17], 184IIg [18,19, 20], 186Hg [20, 21, 22, 23, 24], 188Hg [25, 26, 27, 
28, 29], and  190Hg [30]. These p ro la te  in tru d e r bands are bu ilt on 0+ excited  s ta tes  
[19, 22, 23, 26, 27, 28] and deexcite  by electric  m onopole (E0) and electric  qudrupo le  
(E2) tran sitio n s  (from  the  p ro la te  band  to  th e  ob late  band). As s ta te d  earlie r in the  
discussion of th e  Nilsson m odel, these p ro la te  excited  bands, resu lting  from  partic le  
exc ita tions, are several hund red  keV above the  ground s ta te , as com pared  to  the  
p red ic tions of th e  spherical m odel, which p u ts  th e  p ro la te  bands a  few M eV above 
th e  ground s ta te . T his is the  resu lt of 2p-4h excita tions w ith  th e  p ro ton  pa ir being 
in th e  h9/ 2 level w ith low Q value, which is lowered when the  deform ation  is positive 
(p ro la te). T hese effects will be discussed in g rea ter detail in th e  nex t chap ter. T he 
system atics  of th e  coexisting bands in even-even Hg isotopes, observed in  in-beam  
and  rad ioactive  stud ies can be seen in Fig. 1.4.
In th e  Hg isotopes, there  are 80 protons, which is two less th a n  th e  closed shell of 
82, which resu lts in two holes in the  last unfilled subshell. In th e  case of Hg isotopes, 
th e  pa ir of excited  pro tons sits in  level h9/ 2, and hence the  parabo las shown in  Fig.
1.4 represen t th e  deform ed h9/2 p ro ton  in tru d er configurations (2p-4h). In  th e  light 
Hg isotopes, where th e  neu tro n  num ber in the  experim en tally  observed isotopes 
ranges from  95 to  127, from  the  shell m odel (Fig. 1.1) it can be seen th a t  th e  
shell beyond 82 neu trons has th e  capacity  to  hold 44 neu trons, im ply ing  th a t  a t 
n eu tro n  num ber 104, th e  shell will be exactly  half filled. A m in im um  occurs in th e  
exc ita tion  energy of th e  in tru d e r band, as shown in Fig. 1.4, near 184Hg w here th e  
neu trons are  a t m id shell (N = 104), ind icating  th a t  th e  in tru d e r band  has in truded  
th e  deepest. T his behavior has been explained by bo th  spherical and deform ed-shell 
m odels, where th e  net po ten tia l is not spherical. In the  case of the  spherical shell
E(
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Figure 1.4. E nergy system atics  of th e  nearly  spherical 0p-2h ground s ta te  band  
(open circles) and th e  2p-4h deform ed in tru d e r band  (solid circles) in th e  neu tron  
deficient even-m ass Hg isotopes [30].
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m odel, th e  2p-4h exc ita tion  occurs, and th e  resu lting  pairing  correla tion  am ongst 
th e  p artic le -pa ir and  the  hole-pairs causes th e  energy of these  in tru d e r s ta te s  to  
be lowered; w hereas, in th e  deform ed-shell m odel as discussed earlier, th e  levels 
w ith  low Q, values for p ro la te  deform ations are  shifted  down. T hus th e  lowering 
of th e  band  can be explained  by bo th  th e  spherical shell m odel and  th e  deform ed 
shell m odel. T he deta ils  of th is  analysis and  th e  equivalence of th e  two have been 
discussed by H eyde ef al. [11].
Nuclei a re  also known to coexist w ith  the  ground s ta tes  in shapes w here the  
ra tio  of m a jo r to  m inor axis of th e  deform ed nucleus is 2 :1 , w ith  a  deform ation  
p a ra m e te r  j3 ~  0.6. Nuclei th a t  exist in such highly deform ed s ta tes  are  known 
as superdeformed  nuclei. B ands of superdeform ed s ta tes  have been p red ic ted  and
observed in th e  ligh t Hg isotopes [31, 32, 33]. In one of these in-beam  s tud ies [32], a
176Y b ta rg e t bom barded  w ith  a  22Ne beam , generated  196Hg as th e  com pound nucleus 
th a t  had  exc ita tion  energy of 78 M eV and lmax of ~  49^. T his decayed to  p o p u la te  
th e  superdeform ed band  th a t  can be identified by 7  rays th a t  are  equally  spaced 
(i.e., spaced a t equal d istances from  th e ir “neighbors” ). T he  ro ta tio n a l energy  is 
given by th e  equation  [34]
E ( l )  =  £ (0 )  +  ^ I - ( I  +  1 ) (1.7)
T h e  dynam ic  m om ent of in e rtia  T, rem ain ing  constan t, th e  difference betw een two 
consecutive levels increases a t a  constan t ra te  w ith  I .  T hus tre a tin g  th e  superde- 
form ed nucleus as a  rigid ro to r, th e  I  can be calcu la ted  w ith  th e  equation  1.7 where 
X  can be expressed as [32]
1  = 2a +  Abu2 +  6 c u 4 (1.8)
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T he coefficients a ,6,and c were calcu lated  w ith  the  least square  fit, w here oj, th e  
ro ta tio n a l frequency, and  J  were taken  from  the  experim en tal d a ta . By using these 
coefficients, I  ( th e  in te rm ed ia te  spin) was calcu lated  w ith  the  equation
1 4 , 2 6 5 , v
I  +  — — 2aui -f- T  (1'9)
for all th e  levels. T he difference betw een th e  energy levels keeps on reducing a t a  
constan t ra te  w ith  decreasing spin, increasing th e  b ranching  ra tio  of th e  tran sitio n s  
th a t  leave th e  band. A round th e  spin value 10, th e  out-of-band tran sitio n s  becom e 
so strong  th a t  th e  popu lation  of th e  levels s ta r ts  to  dw indle, even tually  leading to  a 
s itu a tio n  w here it is difficult to  popu la te  th e  s ta tes  below a  ce rta in  spin  value, which 
in  th e  case of Hg isotopes, 190Hg and 192Hg, happens to  be spin 8 . S im ilar resu lts 
were ob tained  by D.Ye et al. [33]. In the  case w here th e  f3 value is around  0.3, 
th e  tran sitio n s  th a t  link th e  excited  bands to  the  ground ban d  have been identified, 
(to  be discussed la te r) , however no m odes of deexcita tion  from  th e  superdeform ed 
bands to  th e  ground s ta te  band  have been observed except in one nucleus, 135Nd 
[35]. N evertheless, it is expected  th a t  th e  superdeform ed band  will decay by E0 or 
E2 tran sitio n s , to  th e  ground or o ther in te rm ed ia te  levels.
A d irec t m easure of shape coexistence is the  E0 s tren g th  betw een th e  shape  co­
ex isting  configurations [36]. EQ transitions carry  d irec t in fo rm ation  of th e  nuclear 
w avefunction, and hence changes in the  nuclear rad ius lead to  nonvanishing values 
for th e  m onopole s treng ths function  p(E 0), discussed in la te r  chap ters , provided 
th e re  is m ixing betw een th e  two configurations [36]. To m easure  th is , it is necessary 
to  o b ta in  th e  half-life of the  level decaying by an E0 tran s itio n  th a t  connects th e  two 
configurations. Half-life lim its of some of these isotopes have been repo rted  [37, 19],
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bu t th e  m easu rem en ts pose a  unique challenge owing to  the  com plexity  of th e  decay 
schem es and th e  requ irem en t of a m easurem ent system  th a t  has very fast response. 
An excited  deform ed configuration was known in 186Hg a t 523 keV and in 188Hg a t 
825 keV, b u t no m easu rem en t of th e  m ixing betw een it and  the  ground s ta te  band  
had  been done since the  lifetim e of th e  excited  0 + deform ed band heads were in the  
sub-nanosecond region and no experim en tal technique existed to  m ake th e  lifetim e 
m easu rem en ts of such fast tran sitions  where the  m ain  m ode of depopu la tion  of the  
excited  0+ s ta te s  was in te rnal conversion. T he developm ent and im plem en ta tion  of 
a  system  w ith  th is  capab ility  was a m ajo r p a rt of th e  work discussed here. W ith  
th is  system  th e  lifetim es of th e  0 + and 2 + sta tes  of the  deform ed configuration 
were m easured . These lifetim e values enabled the  de te rm ina tion  of th e  EO m a tr ix  
e lem ents and , consequently, th e  m ixing betw een th e  shape coexisting configurations 
which can be d irec tly  com pared  to  the  theore tical predictions.
In th e  b e ta  decay of T1 isotopes it m ay be possible to  p o pu la te  low spin levels, 
in th e  superdeform ed band , which is no t possible in the  in-beam  studies. Shape 
coexistence betw een th e  superdeform ed band and  th e  ground band (or any o ther 
band) would resu lt in tran sitio n s  having electric  m onopole com ponents, and  high 
energy tran s itio n s  w ith  e lectric  m onopole com ponents are easy to  identify  as they  
fall in a  region of low background. T heoretical calculations have p red ic ted  the  
superdeform ed band head (0+ ) to  be in the  range of 3 to  6 MeV. T he  various 
pred ictions are 5.3 MeV by solving the  m icroscopic collective H am ilton ian  [38]; 3.7 
M eV by solving th e  axially  deform ed single partic le  W ood-Saxson H am ilton ian  [39]; 
and 4.2 M eV by the  genera to r coord inate m ethod  [40]. T he calcu lations done by
A .P asso ja  [41], when ex trap o la ted  to  Z=80, suggest th a t  a t such large values of
tran s itio n  energies, th e  ra tio  of the  p robab ility  of in ternal pa ir fo rm ation  to  the  
p robab ility  of in ternal K-conversion is g rea ter th an  one. T his ind ica tes th a t  the  
in te rn a l pa ir form ation  would be a very com peting  m ode of deexcita tion . O w ing to  
th e  fact th a t  no 7  tran sitio n  linking the  superdeform ed band  to  th e  ground band, was 
observed in th e  in -beam  studies, an uncerta in ty  exists regard ing  th e  energy values of 
such deexciting  transitions. In sp ite  of the  difficulty associated w ith  th e  popu lation  
of th e  superdeform ed sta tes, owing to  th e  the  dissim ilarities betw een th e  p a ren t (T1 
isotopes) ground s ta te  and the  superdeform ed s ta tes  of the  daugh ter (Hg isotopes), 
it  was im p o rta n t to  m ake an a tte m p t to  look for th e  superdeform ed band  in th e  
b e ta  decay of T1 isotopes, using the  e~ — 7 , e~ — e~ correlations and  in te rnal pa ir 
fo rm ation  d a ta , as the  identification of a  single tran sitio n  from  th e  superdeform ed 
b an d  to  th e  norm al band  could then  easily place the  whole superdeform ed s tru c tu re  
on th e  energy scale. In add ition  to  th e  application  of s tan d a rd  photon  and charged- 
p a rtic le  spectroscopy, a  new technique was developed to  look for the  in te rn a l pa ir 
fo rm ation  events.
In 190Hg and  192Hg isotopes, the  superdeform ed bands have been p red ic ted  th e ­
oretica lly  and  also identified in  the  in-beam  studies, b u t theo ry  does not p red ic t a 
2p-4h p ro la te  deform ed in tru d er band  in these isotopes as is seen in 184- ! 88j jg  Along 
w ith  th e  challenging experim ents described above, a search for th e  configuration in 
th e  heavier Hg isotopes was m ade a t th e  sam e tim e  th e  superdeform ed search was 
conducted .
In add ition  to  acquiring im p o rtan t in form ation  on th e  s tru c tu re  of th e  neu tron  
deficient Hg isotopes and in in te rp re tin g  those resu lts  in te rm s of nuclear shape 
coexistence, th is work represents a significant investm ent in th e  developm ent of
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in s tru m e n ta tio n  and  d a ta  analysis techniques. T hese were done a t LSU and  a t 
U N ISO R  (U niversity  Isotope S epara to r a t O ak R idge), which is a  consortium  of 13 
in s titu tio n s  based  a t  th e  O ak R idge N ational Laboratory . All ex perim en ta l work 
was conducted  a t U N ISO R  during  the  past th ree-and-half years while th e  au th o r 
was s ta tioned  there . T he experim en ts  and th e ir  resu lts are  described in th e  following 
chap ters.
C H A P T E R  2
T H E O R ET IC A L  B A C K G R O U N D
2.1 N uclear Structure
2.1.1 M ean Field Approach
T he idea  of a  m ean field in which nucleons move as independen t particles has its 
origin in th e  single partic le  shell m odel. T he  field could be spherical or deform ed. 
T h e  idea of th is deform ed m ean  field leading to  nuclear deform ation  was suggested 
by Nilsson [15]. B u t his approach  was unab le  to  p red ic t th e  average p roperties , like 
b ind ing  energy values correctly , and so S tru tin sky  in troduced  th e  Shell-correction 
m eth o d  which com bines the  L iquid D rop m odel w ith  th e  m ean  field approach. T his 
resu lted  in  liquid drop m odel giving th e  binding energies w ithou t explain ing  all th e  
fea tu res of deform ation , in sp ite  of th e  fact th a t  unlike the  o rd inary  fluid drop  th a t  is 
iso tropic, th e  v ib ra ting  nuclear d rop  could have its m om entum  d istr ib u tio n  affected 
by deform ation , while th e  m ean  field gave s ta tes  w ith deform ed shapes.
T he  liquid  drop m odel is based on th e  assum ption  of classical un iform  d is tr ib u ­
tion  of nucleons inside th e  nucleus. T he nuclear substance has been com pared  w ith  a 
nearly  incom pressible fluid of a lm ost uniform  volum e density  w ith  an approx im ate ly  
constan t energy of b inding  per partic le  except as m odified by th e  e lec tro sta tic  energy 
of in te rac tio n  of different portions of th e  fluid and by th e  deficit of binding of th e  
incom pletely  surrounded  partic les  a t th e  surface responsible for the  phenom enon of 
surface tension as in ord inary  liquids [42]. T his m odel thus ignores th e  shell effects.
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T he occurrence of the  shape coexistence in th e  N ilsson-S tru tinsky  p ic tu re  can 
be understood  as arising from  th e  in terp lay  betw een the  p o ten tia l energies th a t  
resu lt from  th e  liquid  drop m odel and th e  shell-correction which comes from  th e  
Nilsson single-particle  energies. T hese single-particle  energies are  very sensitive to  
th e  deform ation  and  hence m ore th an  one m in im um  is possible [43] in th e  p o ten tia l 
energy curve. T he presence of m ore th an  one m in im um  in th is curve suggests th a t  
th e  nucleus is allowed to  “s it” in all those m in im a which represen t different shapes; 
th u s  th e  nucleus can exh ib it s ta te s  w ith  different shapes, and  th is is known as shape 
coexistence. T his effect can be seen in Hg isotopes (to  be discussed in th e  following 
ch ap te rs) , w here these  and  som e of th e  o ther neu tro n  deficient isotopes around  m ass 
region A =190 have ob la te  ground s ta te  bands and  p ro la te  excited  bands coexisting.
In  these  isotopes, th e  p ro la te  excited  bands th a t  resu lt from  partic le-ho le  ex­
c ita tio n s  are seen a t exc ita tion  energies in th e  range of a  few hund red  keV above 
th e  ground s ta te  ra th e r  th a n  in th e  range of a  few M eV betw een th e  sing le-partic le  
levels across th e  energy gap above shell closures. T his causes th e  lowering of th is  
exc ita tion  energy are  explained  in  th is section and th e  nex t section.
As seen in th e  previous chap ter, the  oscillator p o ten tia l Vosc in th e  deform ed
shell m odel p o ten tia l (equation  1 .6 ) can be rew ritten  to  include th e  deform ation
p a ra m ete r. T he  two oscillator frequencies ujz and can be w ritten  as [9]
u;z = u>0{P)(l  -  1p )  (2 .1 )
w.l =  u*,(/?)(l +  i/3) (2 .2 )
w here lo0 is th e  oscillator frequency in the  spherical case. Let r 2 =  x 2 +  y 2 +  z 2,
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th en  Vosc can be w ritten  as
V o s c  =  [r 2 ~  %(3r2P 2(cos0)\ (2.3)
w here P2(cosO) is th e  associated  legendre function  used in a  m ultipo le  expansion 
of th e  nuclear surface and where the  second o rder expansion te rm  represents th e  
quadrupo le  p a rt  of th e  deform ed po ten tia l.
In  th e  case of Hg isotopes, th e  excited  p ro la te  s ta tes  resu lt from  a  2p-4h ex c ita ­
tion . In  th e  non-excited  case, th e  80 p ro tons p a rtia lly  fill up  th e  hn / 2 o rb ita l (two 
partic les  less th a n  82 to  close th e  shell). T he exc ita tion  of th e  two pro tons positions 
th em  in th e  /i9/ 2 o rb ita l. As seen in th e  previous chap ter, th e  single partic le  o rb ita ls 
are  sp lit w hen deform ation is tu rn ed  on in th e  deform ed shell m odel po ten tia l. T he 
o rb ita ls  w ith  low 0  ( th e  p ro jec tion  of th e  to ta l angu lar m om en tum  j  on th e  sym ­
m etry  axis) are sh ifted  to  lower energies for p ro la te  (/? >  0 ) deform ations and  to  
h igher energies for ob late  (/3 <  0) deform ations. In  th e  case of Hg isotopes, th e  
tw o pro tons are excited  to  th e  level w ith  H value ± |  and  th a t  causes th e  excited  0 + 
s ta te , which has positive deform ation , to  be positioned a t th e  energy value of a  few 
h u nd red  keV.
For th e  stab le  Hg isotopes, th e  neu tron  num ber is close to  th e  m agic num ber 
126, b u t N is near th e  m iddle of the  82-126 shell for th e  isotopes discussed in  th is 
work. As one m oves away from  the  closed shell a t 82, th e  deform ation  increases 
w ith  N. T his phenom enon continues u n til th e  m id  shell a fte r which, even though 
th e  num ber of particles increase, it is th e  num ber of holes th a t  m a tte rs . T h is resu lts 
in th e  s itu a tio n  best described in Fig. 1.4, where th e  system atics  of the  excited  0+ 
s ta te s  show a m in im um  a t or near the  m id  shell (N =104).
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2.1.2 C ore-Particle Approach
In th e  spherical shell m odel each nucleon is tre a te d  to  m ove under a  ne t nuclear 
p o ten tia l th a t  is dependen t on th e  d istance  of the  nucleon from  th e  cen ter of the  
nucleus. For th is ne t p o ten tia l, th e  energy levels of th e  pro tons and  th e  neu trons 
are  thus determ ined . T he energy of th e  nucleons th en  depends on th e  q u an tu m  
num bers I and  n , which specify the  angu lar and the  rad ial behavior of th e  nucleon 
in th a t  level, respectively. T he shell s tru c tu re  w ith sp in-orb it in te rac tion  has been 
consisten tly  reproduced  for all nuclei. T he energy gaps a t closed shells provide an 
effective separa tion  of the  s tru c tu re  of a  nucleus in to  core + valence nucleons.
T his spherical shell m odel thus helps “d iv ide” a  nucleus in to  a  core (all th e  
levels are com pletely  filled) and valence nucleons or holes. Effective two body forces 
in troduced  betw een th e  valence nucleons are  determ ined  phenom enologically  and  
are  often specified in te rm s of m ultip le  com ponents. It is now well recognized [44] 
th a t  th is  residual force, in th e  form  of neu tron -p ro ton  in te rac tion  is responsible for 
deform ation  in nuclei.
T he in terp lay  of th e  shell s tru c tu re  in nuclei and  th e  deform ation  th a t  sim ulates 
th e  effect of the  p ro ton -neu tron  residual force is the  key to  u nderstand ing  shape 
coexistence in term s of the  shell m odel. In th e  case of nuclei where e ither p ro tons 
or neu trons form  a  closed shell, th e  rem ain ing  valence nucleon does not form  a  
deform ed configuration; however, nucleons from  the  closed core can be excited  to  
th e  nex t shell level and th e  in te rac tion  betw een these nucleons can give rise to  
deform ed s truc tu res . T he single partic le  shell m odel, depending  on th e  num ber of 
valence nucleons or holes, gives rise to  m ore th an  one m in im um  in the  p o ten tia l 
energy curve.
In th e  spherical shell m odel, the  gap above the  m agic num ber (i.e., th e  difference 
betw een the  energy levels of a filled shell and  the  unfilled subshell above it)  is betw een 
3.5 M eV (in heavy nuclei) and 10 MeV (in light nuclei).
In  th e  case of even-even nuclei, a 2p-2h exc ita tion  gives rise to  an excited  0+ 
s ta te . If j v is the  s ta te  occupied by the  p ro tons and  j v is the  s ta te  occupied by
neu trons, th en  th e  energy of th e  in tru d er s ta te  0 + can be s ta te d  by
E i n t r (  0+ ) =  2 (£jT — — A E p ai r ing +  A  E m  +  A E q  (2.4)
w here 2 (ej„ — £,-;) is the  energy difference of th e  single p a rtic le  energies £jn (energy 
of th e  s ta te  j„)  occupied by th e  p ro ton  pair in the  ground s ta te  before exc ita tion  
and  £j> (energy of the  excited  s ta te  ) occupied by th e  p ro ton  pair after excita tion . 
T h e  de ta iled  calcu lations for these term s can be seen in reference [14].
W hen a  0+ s ta te  is form ed by a 2p-2h excita tion , the  pairing  in te rac tion  energy 
A E pairing is given by the  equation
A E v a i r in g  =  (0£| V™ |0 |)  -  <0£.s  |K x  |0%,s ) (2.5)
w here is th e  partic le -partic le  pairing correlation and  0 # and  0q  s  are th e  excited  
and  ground  s ta te  levels w ith  0 spin. Since in th e  excited  s ta tes  th e  pairing  correla tion  
is weak, the  A E paiTing a tta in s  a positive sign (nucleon-nucleon in te rac tio n  being 
negative) and thus lowers th e  exc ita tion  energy. T his is the  reason th a t  th e  excited  
s ta te s  th a t  are of the  order of a  few MeV in th e  spherical shell m odel are lowered 
to  a range of a  few hundred  keV [11].
T he  te rm  A  E m  is called th e  m onopole p ro ton-neu tron . This is a  correction to  
th e  p ro ton  single partic le  energy ej7r owing to  th e  filling of neu tro n  levels. T his
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correction  can be given by the  equation
A/jr =  £ j?r "h 5Z  (2-6)
jv
w here Vvu is th e  n eu tron -p ro ton  correla tion  and  is the  p robab ility  of a  neu tron  
occupying th e  j th o rb ita l. T hen  th e  correction to  the  exc ita tion  energy, A  E m  is 
given by th e  equation  [14]
A E m  = 2(eiw -  -  2(eJir -  e j . )  (2.7)
T his is in te rp re ted  as the  p ro ton -neu tron  m onopole binding energy gain w hen two 
pro tons are  excited  from  o rb ita l j '  to  j .
Finally, the  partic le -pa ir and  th e  hole-pair can be d is tr ib u ted  over m any  valence 
o rb ita ls  a (w ith  q u an tu m  num bers n a, la and j a). T he  quadrupo le  com ponent of 
th e  p ro ton -neu tron  in te rac tion  will induce a  pa ir b reaking  for p ro ton  or neu tron  
pairs, known as th e  core polarization  effect. In a level of degeneracy 2j  +  1 , if 
0  =  (2j  +  l ) / 2  is th e  m ax im um  num ber of broken pairs, th en  th e  quadrupo le  
in te rac tion  te rm  A E q in equation  2.4 becom es
A E q ~  4/co^/fTr — N n 'J f lv  — iV„ ■ N„ (2-8)
w here N  is th e  num ber of p ro ton  or neu tro n  pairs (unbroken) and  k is th e  quadrupo le  
force s tren g th . It can be clearly  seen th a t  when (or f2„) is equal to  N v (or N u) 
th is  te rm  becom es sm allest (i.e., a m in im um  occurs a t or n ear th e  m id  shell). (See 
reference [14] for detailed  calcu lations for the  equation .)
A pplying the  equation  for 0 fntr to  the  case of even-even Hg isotopes, th e  2p- 
4h exc ita tion  th a t  resu lts  from  two holes plus a  core of 82 p ro tons gives rise to
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0+ excited  s ta te , which is lowered to  the  range of a  few hundred  keV and  has a 
m in im um  near th e  m id  shell (N = 104), as seen in Fig. 1.4.
In  th is  section and  th e  previous section, it has been shown th a t  th e  p ro la te  
excited  band  in th e  Hg isotopes coexists w ith th e  ground s ta te  ob la te  band.
2.2 Superdeform ation
W hen a  nucleus spins very fast, it a tta in s  an elongated shape like a cigar and 
even tually  undergoes fission. Som e nuclei however are stab le  when they  have an 
e longate  shape, even a t low values of spin. These nuclei are  known as superdeforrned 
nuclei.
T he  first glim pse of a superdeforrned s ta te  was observed by ex p erim en ta lists  in 
1986 [45]. English scien tists observed 152Dy ro ta tin g  abou t its m inor axis a t 60 h 
( «  1020 Hz). S uperdeform ation  (/? rs 0.6) was ac tually  first observed in ac tin ides in 
1962, b u t a  com plete  superdeforrned band s tru c tu re  was no t observed u n til th e  in ­
beam  work of P .J .T w in  et. al. [45]. In th e  actin ides th e  superdeform ation  occurs a t 
low spins and  is easily detec ted  th rough  th e  fission process, b u t in th e  non-actin ide  
region th e  superdeforrned s ta tes  are popu lated  a t high spin levels (20-60 h)  in  in ­
b eam  reactions, are of low in tensity , and decay by 7 -ray em ission th a t  falls in  th e  re­
gion of high background. Hence they  were not discovered un til com pton-suppressed  
germ an ium  detec to rs cam e in to  operation . Energy levels of sing le-particle  s ta tes  in 
these  nuclei generally  develop secondary shell s tru c tu re  for deform ations th a t  cor­
respond  to  in teger ratios of th e  m ajo r to  m inor axes. In the  ac tin ide  region the  
fission isom ers sit in the  secondary m inim um , and hence these large deform ations 
can also produce significant shell s tru c tu re  stab ilization . In these heavy nuclei, th e
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pro tons are  on average fu rth e r a p a rt in the  ellipsoidal shape  helping th e  nuclei to  
stab ilize, w hereas in th e  ligh ter rare  e a rth  nuclei it is the  centrifugal force which 
plays a  sim ilar role to  genera te  the  second m inim um .
W hen a  superdeforrned nucleus cools down, by e m ittin g  7 -ray  photons, it falls 
in to  a y ra s t1 set of levels by th e  em ission of 7 -rays carry ing  angu lar m om en tum  
of value 2. T here  were 19 such 7 -rays th a t  were evenly spaced, suggesting a  rigid 
ro to r, see equation  1.7, w ith  little  or no change in th e  m om ent of inertia . In th e  case 
of 152Dy, it was de te rm ined  experim en tally  th a t  ab o u t 1% of th e  nuclei p roduced  
w ent in to  th e  superdeforrned s ta te ; however, a t  around  a  spin of 22  h, th e  tra n s i­
tion  p robab ility  from  th e  superdeforrned s ta tes  to  norm al deform ed s ta te s  ab ru p tly  
increases to  very large values, and  hence th e  in tensity  of th e  tran sitio n s  w ith in  the  
superdeforrned s ta tes , below th a t  spin, quickly drop to  negligible levels.
T he  large values of th e  m om ent of in e rtia  are  ind ica tive  of large deform ation; 
however, the  m om ent of in e rtia  is also sensitive to  the  phenom enon of pairing, 
alignm en t of th e  single-particle  angu lar m om en tum  along th e  ro ta tio n  axis, and  so 
on, and  hence a  m ore d irec t m easu rem en t of deform ation  is necessary. T his can 
be achieved by m easuring  the  lifetim e of the  s ta te  th a t  depends on th e  quadrupo le  
m om ent which in  tu rn  depends on th e  deform ation . L ifetim e m easu rem en ts on 
th e  152Dy superdeforrned band were carried  ou t by th e  D opp ler-sh ift-a ttenua tion  
m eth o d  [46], and  the  quadrupo le  m om ent thus  m easured  was consisten t w ith  the  
value expected  for a  p ro la te  nucleus the  m ajo r axis of which was tw ice as long as 
th e  m inor axis. T he  value of (3 ( th e  deform ation  p a ram ete r)  for th e  superdeforrned 
ban d  is ~  0.6 [45].
' A n  yra st  l e v e l  i s  t h e  l o w e s t  e n e r g y  l e v e l  c o r r e s p o n d i n g  t o  a  p a r t i c l e  a n g u l a r  m o m e n t u m .
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In 1990, a  superdeforrned b an d  was observed in 192Hg [32, 33], where su rp ris­
ingly, spins down to  8h were observed in th a t  band. T his band , from  th e  in-beam  
study , can be seen in figure 2.1. In the  work done by J.A .B ecker et. a l ,  [32], show n in 
figure 2 .1 , i t  was seen th a t  difference betw een two consecutive tran sitions  decreased 
w ith  spin from  43 keV to  30 keV. T he tran sitio n s  were all de te rm ined  by angu lar 
correlations m ethods to  be stre tched  E2 tran sitio n s  (i.e., tran sitions  betw een levels 
th a t  differ in spin by 2). T he dynam ic m om ent of in e rtia  decreased from  131 to  
93 fi2/M eV  over seventeen 7  tran s itio n s  in th e  superdeforrned band. An average of 
these  values of the  m om ent of in e rtia  ind icates a  f3 value of 0.55.
In th e  superdeforrned bands, which are  tre a te d  as rigid ro tors (as discussed in 
th e  previous ch ap te r), th e  in trab an d  tran sitio n s  are  all E2. For E2 tran sitio n s  the  
tran s itio n  s tren g th , T (E 2), is given by th e  equation  [34]
T (E 2) =  1.223-109 -E 5 -B { 2) (2.9)
w here T (E 2) is m easured  in (sec-1 ) and  B ( E2), known as th e  reduced transition  
probability, is m easured  in  W eisskopf un its . From  th is equation  it can be seen th a t  
as th e  tran s itio n  energy E  reduces in value, th e  tran sition  s tren g th  reduces as th e  
5th power. In th e  superdeforrned band th e  tran s itio n  energies reduce w ith  th e  value 
of spin and  hence th e  s treng th  of the  in tra b an d  tran sitio n  reduces, com pared to  the  
s tren g th  of th e  in te rband  tran sitio n  from  th a t  level, w ith  decreasing spin. Owing 
to  th is, th e  band  head of th is band  has no t been observed in the  in-beam  da ta . 
In add ition , no tran sition  leaving the  superdeforrned band , from  any band  in  th e  
superdeforrned band , to  th e  norm al band  has yet been observed. T his work consists 
of an a tte m p t to  locate one or m ore such tran sitions  through  s tudy  of th e  decay of
(I) hmmd.
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F igure  2.1. T he superdeforrned band in 192H g. Energies are in keV, th e  “x” in 
th e  superdeforrned band ind icates th a t  its absolu te  energy is unknow n. T he  d a ta  is 
from  Ref. [47]. T h e  value of J was assigned to  be  8 .
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192T1 nuclei, which has two b e ta  decaying s ta tes: 7+ and 2~. If the  /3-decay of 192T1 
nuclei fed th e  superdeforrned ban d  it would feed th e  levels of th e  superdeforrned 
band  w ith  spin values of 8 or lower. T he details of th e  experim ent to  locate  the  
superdeforrned band in 190Hg and  192Hg are discussed in section 3.2.
2.3 E lectric M onopoles
A nucleus decays from  one energy level to  ano th er th rough  an elec trom agnetic  
tran s itio n  by em ittin g  a 7  ray  or by w hat is known as th e  in te rnal conversion process. 
In th is  process an a tom ic e lectron is em itted  w ith  k inetic  energy equal to  th e  nuclear 
tran s itio n  energy less th e  b inding  energy of th e  electron. T he process of em ission 
of an a tom ic  electron  takes p lace when th e  nuclear exc ita tion  energy is d irec tly  
tran sferred  to  an a tom ic e lectron  resu lting  in  exc ita tion  of th e  e lectron  w ith  energy 
equal to  th e  tran s itio n  energy less the  b inding energy of th a t  atom ic electron . T his 
creates a  vacancy in th a t  o rb it th a t  resu lts  in an e lectron from  th e  h igher o rb it 
ju m p in g  down to  fill th e  vacancy and in th e  process e m ittin g  an x-ray  photon . 
W hile K-shell electrons are the  m ost likely electrons to  be e jec ted , electrons in the  
higher shells can also be ejected , b u t w ith  a  rap id ly  decreasing probability . This 
tran s itio n  takes place for tran s itio n  energies g rea ter th an  th e  respective b inding  
energies of th e  electrons.
T ransitions from  —> J n (where J  is th e  spin value for nuclear s ta te  and
7r is the  parity ) are allowed v ia  em ission of a  7 -ray pho ton  except for th e  case 
w hen J  has th e  value of 0. In th e  0 —> 0 tran sitio n , th e  nuclear tran s itio n  m atrix  
elem ent cannot behave like a vector and th e  field cannot carry  off any angular 
m om entum , hence single photon  nuclear tran sitio n  is p roh ib ited  on th e  basis of
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conservation of th e  angu lar m om en tum  law, hence 0 —> 0 tran sitio n s  occur v ia the  
coulom b coupling of a tom ic electrons and the  nucleus, where the  a tom ic  e lectron 
p en e tra te s  th e  nuclear volum e resu lting  in an electric  m onopole (EO) tran sitio n  
betw een s ta tes  of th e  sam e parity . M onopole tran sitions  betw een 0+ and 0_ would 
have to  proceed thorough  a m agnetic  m onopole tran sition , which is non-existen t 
according to  M axw ell’s equations.
In classical term s a  nucleus corresponds to  a  pu lsa ting  sphere of charge, and 
ou tside  th is spherically  sym m etric  region of charge density  the  field is purely  coulom b 
in n a tu re . Since th e  nuclear m onopole m om ent is constan t everyw here ou tside  the  
nuclear volum e, th e  in te rac tion  betw een th e  nucleus and the  a tom ic electron , for the  
e lec tric  m onopole vanishes everyw here except w ith in  th e  nucleus w here electrons 
d irec tly  sense v ib ra tions in th e  p ro ton  d istribu tion ; thus, for a po in t nucleus th e  EO 
tran s itio n  would be s tr ic tly  forbidden. T his EO conversion process, which is purely  
a p en e tra tio n  effect, differs substan tia lly  from  o ther m ultip le  conversion processes 
in which th e  inside region of th e  nucleus m akes a  rela tively  sm all con tribu tion . See 
also ref [48] for a  m ore detailed  descrip tion  on EO transitions.
Since the  EO tran s itio n s  are a  consequence of pu re  p en e tra tio n  effect, it can be 
seen th a t  p, the  s tren g th  p a ram ete r, will be dependen t on the  nuclear shape. I t is 
th e  change in th e  rad ia l ex ten t of the  charged field of the  nucleus th a t  gives rise 
to  th e  EO s tren g th  and  no t ju s t a  change in the  charge d is tribu tion  itself, thus a 
p ro ton -pa ir exc ita tion  will m ore favorably decay by an EO transition . T he  s-sta te  
electrons are  deeply p e n e tra tin g  and th a t  p a rt  of th e  wave function w ith in  th e  region 
is exposed to  a  fluc tuating  coulom b field owing to  a pu lsa ting  sphere of constan t
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charge. T he  energy thus tran sferred  betw een th e  excited  nucleus and  th e  a tom ic  
e lec tron  th en  depends on th e  p e n e tra tio n  of th e  s-wave in to  th e  nucleus.
It has been suggested th a t  large EO s tren g th  is an  ind ica tion  of strong  m ixing  
betw een th e  s ta tes  of different deform ations [36]. It has also been shown th a t  EO 
tra n s itio n  p robab ilities are  sm all betw een unm ixed  coexisting shapes w ith  large dif­
ferences in  deform ations [36]. In Hg isotopes, as discussed previously, p ro la te  and  
o b la te  bands are  known to  coexist. EO tran sitio n s  have been observed in  184Hg 
[26] 186’188Hg [19], and in  190Hg [30]. It has also been shown th a t  these excited  0+ 
s ta te s  m ove down in th e  energy level schem e and  reach a  m in im um  near m id  shell. 
W hen  th e  excited  s ta tes  are lowered, th e  p o ten tia l barrier separa ting  these equ ilib ­
riu m  shapes is decreased, thus increasing the  m ixing. T his im plies th a t  th e  m ixing  
betw een th e  two 0+ s ta tes  in th e  Hg isotopes should increase w ith  th e  decreasing 
energy  of th e  excited  0+ sta te . T he q u an tity  p2 (defined below) characterizes th e  
s tre n g th  of th e  EO tran s itio n , and  th e  technique used to  m easure  th is  q u a n tity  and 
th e  m ix ing  betw een s ta tes  will be discussed la te r  in th is section.
Low energy EO transitions  proceed solely by th e  in te rnal conversion process, b u t 
for energies g rea ter th an  2m 0c2 (w here m 0 is th e  rest m ass of e lectron) the  process 
of in te rn a l pa ir form ation  (IP F ) or m onopole pa ir fo rm ation  is also possible.
T h e  to ta l EO tran sitio n  p robability , neglecting th e  h igher o rder te rm s, can be 
w r itte n  as
IV(EO) =  E H ^ E O )  =  />2(0+ -> (2.10)
j j
w here j  refers to  the  a tom ic o rb ita ls  and fI is th e  electronic fac to r (function  of
nuclear charge Z and tran sitio n  energy k  in un its  of m 0c2). All th e  nuclear s tru c tu re
in fo rm ation  is carried  in the  m onopole s tren g th  p a ram ete r p, which can be defined
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< 0 } \ Z 3 e t f \ 0 t >  < 0 j \ m ( E 0 ) \ 0 t >  „  m
P e R 2 e R 2 1 j
w here R  is th e  nuclear rad ius (1 .2A 1!3 fm ) and  th e  sum m ation  ranges over all th e  
charged partic les  in th e  nucleus, which includes neu trons w ith  th e ir  effective charges. 
In dealing w ith  K -conversion, equation  2.10 becom es qu ite  sim ple, of th e  form
W/a>(E0) =  p 2SlKt1r (2.12)
T he m onopole m atr ix  e lem ent is de term ined  exclusively by th e  w avefunction of 
th e  0 + s ta tes , and  so th e  investigations of m onopole tran sitio n s  provide in fo rm ation  
on th e  n a tu re  of these sta tes.
In  th e  above s ta ted  equations, If, which is a  function  of th e  a tom ic  charge Z and 
th e  tran s itio n  energy E  can be w ritten  as
f 'l(E) =  exp j a  +  b \n (E )  +  c[ln (E )]2} (2.13)
w here th e  value of fl is different for each of th e  decay channels and  th e  co n stan ts  a , 
b and  c depend  on th e  value of Z. T here  is an  alm ost linear dependence of Z on th e  
value of 0 .
To ca lcu la te  th e  value of p2 experim entally , th en , the  only in fo rm ation  needed  is 
th e  tra n s itio n  p robab ility  which can be derived from  the  lifetim es of th e  levels th a t  
decay by EO, by using th e  re la tion
VE =  ln(2 )/T 1/2 (2.14)
T his idea was th e  basis of th e  lifetim e m easurem ents carried  o u t as a  p a r t  of th e
p ro je c t for th is thesis and will be discussed in section 3.3.
T his value of p2 can th en  be used to  determ ine  the  m ixing betw een bands. If 
\sph > and  |d e f  >  are the  0+ wavefunctions for spherical and deform ed s ta tes , 
respectively, th en  the  resu ltan t s ta tes  can be defined as
|0 + >  =  a\sph > + b \d e f  >  (2.15)
|0y >  =  a\sph > —b\de f  >  (2.16)
and  th e  m onopole s tren g th  p2 can  th en  be w ritten  as [36]
p2 = a2b2{3 Z /4 n 2)< 0  > 4 (2.17)
W ith  the  above equation  and the  fact th a t  a2 +  b2 =  1, the  value of b (and  a) can 
be ob tained . T hen  from  reference [49]
Ei =  (E spk +  Ede/ ) / 4  +  |[(.Esp/i -  Edej)2/ 4] +  V)} (2.18)
E f  — ( E sph +  Ede/ ) / 4 — {[(.Esp/i — Edej) /4] +  (2.19)
b2 = [1 +  ( V j / E sph -  E {)2]-1  (2.20)
T hese equations can be solved sim ultaneously to  ob ta in  the  values of unm ixed  0+ 
levels of th e  spherical (E sph) and the  deform ed {Edej) bands and  also th e  value of 
m ixing  m atrix  e lem ent, Vj. In th e  above equations Ei and E j  are  th e  experim en tal 
values of th e  0+ levels in th e  spherical and deform ed bands, respectively.
C H A P T E R  3
E X PE R IM E N T A L  M E A SU R E M E N T S A N D  RESULTS
3.1 U N IS O R  O verview
All th e  experim en ts  for th is d isserta tion  were com pleted  a t th e  U N ISO R  facility  
w hich is located  at th e  form er Holifield Heavy Ion Research Facility  (H H IR F ) a t 
O R N L, now renam ed  th e  Holifield R adioactive Ion B eam  Facility  (H R IB F ). T his 
iso tope separa to r is on-line to  th e  25-MV fo lded-tandem  e lec tro sta tic  accelerator.
T he Tandem  A ccelerator. T he H H IR F 25-MV tan d em  accelera to r is ca­
pab le  of providing positively-charged stab le  ion beam s, d irec tly  for experim en ts  or 
to  be used as in jecto r to  th e  O ak R idge Isochronous C yclotron (O R IC ). A beam  
of negatively-charged  ions is in jected  a t th e  base of th is  vertical tan d em  by an  ion 
source cesium  p lasm a (rad ial geom etry), or solid surface ionization (axial geom etry ), 
as show n in Fig. 3.1. These negatively-charged ions are  accelerated  tow ards th e  + 25  
M V term ina l a t the  top  of th e  tandem  and on the  way up are  passed th rough  gas 
or foil s trippers  th a t  s trip  these negatively-charged ions of electrons, m aking  th em  
positively-charged  ions. T he positively  charged ions are then  im m edia te ly  tu rn ed  
around  180° w ith  the  help of a  180° term ina l bending m agnet. O n com ing o u t of th is 
bend ing  m agnet, the  positively-charged ions are accelerated  away from  th e  te rm in a l 
which is a t + 25  MV. A nother s tr ip p er in the  p a th  can increase th e  positive  charge on
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Figure 3.1. Schem atic sketch of th e  tandem  accelerator a t O RN L.
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these  a lready  positively-charged ions, resu lting  in a fu rth e r increase in acceleration  
of th e  ion beam . T his beam  of positive ions is then  m ade to  pass th rough  analyzing  
m agnets  a t th e  base of the  tandem . T his m agnet helps select the  charge s ta te  of 
th e  ions which are  needed for th e  experim ent. T he beam s used in experim en ts  for 
th is  d isserta tion  are discussed in  the  chap ters th a t  deal w ith  those experim en ts.
T h e  I s o to p e  S e p a r a to r .  T he U N ISO R  facility  is based on a  D anfysik iso­
tope  sep ara to r th a t  has has a m ass resolution of 8m  j m  of T he  beam  from
th e  tan d em  is m ade to  pass th rough  a  m ultifunction  box th a t  houses a  F araday  
cup to  m easure  th e  beam  in tensity , a phosphor to  de term ine  th e  beam  shape char­
ac te ris tics , ta n ta lu m  foils to  a tte n u a te  th e  beam  intensity , if needed, and  a m irro r 
a rrangem en t to  inspect th e  ta rg e t. On passing th rough  th is  box, th e  beam  is m ade 
inciden t on th e  ta rg e t m ateria l. T he analyzing m agnet betw een th e  tan d e m  and  the  
m u ltifunc tion  box helps focus/defocus the  beam  on the  ta rg e t, as the  case m ay  be.
T he  en tran ce  window to  th e  FE B IA D  (Force E lectron  B eam  Induced  Arc 
D ischarge)-type ion source [50] contained  th e  ta rg e t foils which were held  together 
by a  ta rg e t holder. T he function  of the  ion source is to  collect th e  residue left a fter 
th e  evapora tion  of th e  evapora tion-products like pro tons, neu trons, a -p a rtic le s , and 
so on, from  th e  com pound nucleus form ed by the  collision of th e  beam  w ith  the  
ta rg e t. W hen  th e  residue is left after the  evapora tion-products leave th e  com pound 
nucleus, th e  recoil energy is enough to  take  th is residue out of the  ta rg e t m ateria l. 
T he  positively-charged evaporation  residue are then  deposited  on th e  ca thode , also 
know n as “ca tch er” , of th e  ion source, where th e  ca thode is m ade  up  of tan ta lu m . 
In th e  ca thode  these com pound nuclei pick up  electrons and  becom e electrically
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n eu tra l. T h is ca thode  is opera ted  a t around  1800°C, and hence these com pound 
nuclei are  im m edia te ly  vaporized. This high tem p e ra tu re  is achieved by th e  e lectron  
b o m b ard m en t of th e  cathode. T h is also resu lts  in em ission of a large num ber of 
e lectrons from  th e  cathode. T hese electrons ionize th e  neu tra lly -charged  com pound 
nuclei th a t  a re  evapora ted  from  th e  cathode. Since these  ions are  all singly charged, 
all th e  nuclei w ith  sam e m ass have sam e charge /m ass ra tio , which increases the  
efficiency of th e  separa to r. T hese charged nuclei are ex trac ted  from  th e  ion source 
by a  50-KV ex trac to r. D ue to  high opera ting  tem p e ra tu re s , th e re  is a lim ited  
choice of th e  ta rg e t m ateria ls  since these m ateria ls  need to  w ith stan d  such high 
tem p era tu re s .
T he  positively-charged  nuclei th a t  are  ex trac ted  from  th e  ion source are  acceler­
a te d  tow ards th e  90° d ispersion m agnet, which separa tes th e  beam  on th e  basis of 
charge-to-m ass ra tio . T his beam , afte r separa tion , goes in to  th e  collection cham ber 
w here it can be d irec ted  to  one of th e  th ree  beam  lines, as seen in Fig. 3.2, which 
lead to  th e  laser spectroscopy area, the  low tem p e ra tu re  nuclear-o rien ta tion  facil­
ity, or to  th e  nuclear pho ton  or charged partic le  spectroscopy area. T he  collection 
cham ber itse lf can be used to  collect m ass sam ples for off-line studies.
For conventional nuclear spectroscopy, like th e  ones done for th is  d isserta tion , 
th e  beam  is d irec ted  along the  righ t beam  line where th e  nuclei, which are  now 
th e  p a ren t nuclei whose decay is to  be stud ied , are deposited  on a m oving tape . 
T h e  a rrangem en t of the  collection tap e  and two de tec ting  s ta tio n s  can be seen in 
Fig. 3.3 T his tap e  can be rem otely  controlled by the  d a ta  acqu isition  system s at 
U N ISO R . W hen the  ta p e  m oves, the  source position  m oves to  th e  tw o de tec ting  
s ta tio n s  w here various com binations of various types of de tec to rs  can be placed
Heavy -  Ion 
Beam
Integrated 
Target/Ion -  Source
Laser
Co -  Linear 
Laser 
Spectroscopy
Isotope
Separator
Detector
Photon 
Detectors
I
A P i a a  Particle 
™ ..Detector
Nuclear
Orientation
Nuclear 
Spectroscopy
Photon J 
Detr 'tors
M o v in g
Tape
Figure 3.2. UNISOR experim ental area, com prised of th ree beam  lines.
37
Calibration
source
Tape collector
Si(Li) electron 
detector
Ge
photon
detector
Si(Li) electron 
detector
Tape G e Photon 
detector
Ge Photon 
detectoras*>°
Beam of m ass  
separated reaction 
products
Calibration
source G e Photon 
detector
F igure  3.3. Sketch of the  th e  righ t beam  line w ith  two de tec ting  s ta tio n s  and  th e  tape  
drive which moves th e  tap e  inside the  beam  line to  tran sp o rt the  nuclei under study, 
from  th e  collection po in t, w here the  rad ioactive  nuclei are deposited  on th e  tape , 
to  th e  d e tec ting  sta tions. T his set-up  of detecto rs was used in th e  experim en t to 
loca te  superdeform ation  in 192H g. T he sam e se tup  was also used in th e  experim en t 
to  locate  th e  superdeform ed band  in 190H g . These setups will be discussed in detail 
in following th e  sections.
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for th e  spectroscopic studies. T he  m ovem ent of the  ta p e  can be controlled  in two 
different ways: by a  stepping  m o to r th a t  moves every fixed num ber of steps and
w aits for a p rede term ined  tim e before m oving again or by a  LED sensor a rrangem en t. 
T he details of these tap e  m ovem ent controlling techniques will be discussed in the  
following sections.
D etectors. T he detecto rs used in  th e  acquisition  of d a ta  for th is d isserta tion  
were Ge and  Si(L i), b o th  so lid -sta te  detectors; p lastic  (NE111-A p lastic  sc in tilla to r 
m oun ted  on a pho to tube); and  B aF 2 (B aF 2 c rysta l m ounted  on a  pho to tu b e).
In b o th  th e  Ge and Si(Li) de tec to rs, th e  ionizing rad ia tion  th a t  resu lts from  the  
decay of a nucleus from  one energy level to  ano ther creates charge in th e  respec­
tive  crysta l which was th en  collected, by app lication  of reverse bias, in the  from 
of a cu rren t. T his cu rren t was converted  to  a  voltage signal and passed on to  a 
pream plifier. T hese detecto rs were m ain ta ined  a t 77 K by cooling w ith cooled by 
liqu id  n itrogen . This cold tem p e ra tu re  helps reduce the  th erm al electrons th a t  were 
m oving random ly  in the  crysta l and thereby  helps to  reduce the  noise cu rren t in the  
o u tp u t. T he cu rren t collected is d irec tly  p roportional to  th e  energy of the  rad ia ­
tion  deposited . In the  case of p lastic  or B aF 2 system s, th e  respective crysta ls are 
m oun ted  on pho to tubes (see section 3.3.1 for a detailed  exp lana tion  of m ounting). 
T he high energy photon  or p a rtic le  th a t  en ters th e  crysta l generates photons in  the  
visible range of the  spectrum . T hese photons are m ade incident on th e  ca thode of the  
ph o to tu b e  which generates electrons. These electrons are accelerated  tow ards p lates 
know n as dynodes  which are each a t a  higher po ten tia l. T hese dynodes increase the  
energy and  th e  num ber of electrons. An electron  beam  w ith large in tensity  is finally 
m ade incident on an anode, which cap tu res these electrons to genera te  a  curren t
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signal. An o u tp u t can be genera ted  from  the  dynode or th e  anode, depend ing  on 
th e  requ irem en ts (discussed in a la te r  section).
D a t a  C o l le c t io n  a n d  A n a ly s is  T o o ls . O nce th e  p roducts  of reac tion  were 
m ass separa ted  and  deposited  on th e  d a ta  collection tap e , th e  tap e  was m oved 
to  th e  d e tec ting  sta tions by a  rem ote  com puterized  control. T he tim e  for which 
th e  ta p e  was positioned  a t th e  collection point and a t the  de tec ting  s ta tio n  was 
ca lcu la ted  by tak ing  in to  consideration  th e  various half-lives in th e  decay chain. 
T h e  ta p e  was m oved after a  p rede term ined  tim e, so th a t th e  ra tio  of th e  num ber 
of nuclei of in te rest to  the  num ber of all th e  o ther decaying nuclei is m axim um . 
T his a rrangem en t ensured the  least bu ildup  of th e  daugh ter nuclei before th e  source 
m oved to  th e  de tec tion  poin t and  th a t  the  tap e  was m oved away before th e  decay of 
d augh te r nuclei becam e considerably strong  (see A ppendix  A for th e  calcu la tion  of 
th e  bu ildup  of nuclei). D etectors were set up around one or bo th  d e tec ting  sta tions 
depending  on th e  requ irem ents of the  ind iv idual experim ents. T he  signals from  these 
de tec to rs  were th en  electronically  “processed” to  be stored  in th e  m agnetic  storage 
m ed ium . T he electronic m odules and com ponents used in various experim en ts  for 
th is  d isserta tion , include:
Pre-A m plif iers . T he  pream plifiers were used to  am plify th e  signals th a t  com e 
from  th e  d e tec to r anodes (or anodes of pho tom ultip lier tubes  in th e  case of th e  scin­
til la to r  de tec to rs). In th e  case of th e  Ge and th e  Si(Li) de tec to rs , th e  pream plifiers 
were housed inside th e  de tec to r casings bu ilt during  th e  fab rica tion  b u t in th e  case 
of th e  life tim e experim ents, when th e  sc in tilla to r detecto rs were used, O R TEC -113 
pream plifiers were connected externally . Im pedance m atch ing  was done to  avoid
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reflections and hence noise in th e  d a ta . T hese pream plifiers also have a  bu ilt-in  RC 
tim e-co n stan t of 50 ps  and so th e  incom ing signal is expected  to  be around  50 fis 
w ide, b u t in th e  case of th e  lifetim e experim ents, the  o u tp u t of th e  sc in tilla to r de­
tec to rs  had  an anode o u tp u t th a t  fell very sharp ly  and so th e  pream plifiers could 
n o t “u n d e rs ta n d ” th e  signal. T h e  o u tp u t resistors had  to  be changed so th a t  the  
signal would fall from  peak to  zero in abou t 50 \xs.
A m plifie rs . T hese were used to  am plify th e  o u tp u t of pream plifiers and hence set 
th e  energy range th a t  was desired to  be stud ied . T he am plifiers are able to  control 
pole-zero, w hich in  tu rn  controls th e  reso lu tion  of th e  spectrum , shaping constan ts, 
and  so on. T he  am plifiers used were O R TEC-671, O R TEC -472A , ORTEC-572, 
an d  O R TEC -671. T hese am plifiers were equ ipped  to  hand le  in p u t signals of bo th  
positive and  negative parity .
Constant Fraction D iscrim inator  (CFD ). T he  o u tp u t of pream plifiers in th e  case 
of Ge and Si (Li) de tec to rs  and dynode o u tp u ts  from  th e  pho tom u ltip lie r tubes  are 
used to  get th e  tim ing  in form ation . T he function  of th is  C FD  is to  genera te  an 
o u tp u t w hen th e  in p u t signal from  pream plifiers arrives, b u t a t th e  sam e tim e  it 
has to  d istingu ish  th e  signals from  background noise. T he  in p u t signal is delayed 
by tim e  t<* and a frac tion  of th e  undelayed pulse is su b trac ted  from  it. T he  resu lt 
can be  seen in Fig. 3.4. In p a r t  ‘a ’ of th e  figure, th ere  are th ree  in p u t signals (A, 
B, and  C), w here A and  B b o th  have the  sam e rise tim e  b u t different am p litudes 
w hereas C has a  different rise tim e  and different a  am plitude . In th e  lower po rtion  
of p a r t  ‘a ’ are th e  th ree  w avefunctions (A ', B ', and C '), which are  a  fraction  of th e  
in p u t signal (th e  scales in the  u p p er and lower portions are not th e  sam e). W hen 
th e  in p u t signals are  delayed by tim e t<; and  the  fraction  of th e  undelayed p a rt is
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F igure  3.4. Sketch of th e  triggering  of the  o u tp u t signal from  a  C FD . From  reference 
[55].
su b tra c te d , th e  final resu lt is shown in p a rt  ‘b .’ A b ipo lar pulse is genera ted  and  
its  zero crossing is de tec ted  and  used to  produce an  o u tp u t logic pulse, ind ica ting  
th e  tim e  of arrival of th e  signal. T his techn ique also provides for energy selection 
by se ttin g  a  lower-level th resho ld  below which th e  energy pulses can be re jected  
and  also th e  triggering  of th e  C FD  o u tp u t on noise can be p reven ted . T he  tim e  of 
arrival of signals depends on th e  energy level and  rise-tim e of th e  signal. V aria tion  
in th is  tim e  of arrival is known as “walk” and in th is constan t fraction  techn ique, 
walk due to  am p litu d e  and  rise tim e  of th e  signal is m inim ized w ith  p roper selection 
of th e  delay tim e  t^. A discussion of fine tun ing  of th e  walk a d ju s tm en t by selecting 
th e  frac tion  of th e  undelayed  signal to  be su b trac ted  from  th e  delayed signal can be
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found in section 3.3.1. T he CFD s used in various experim ents were O R TEC -583, 
O R TEC -473A , O R TEC-463, and  ORTEC-473.
I t is possible th a t  th e  pream plifier signal or th e  dynode o u tp u t, which are  the  
in p u ts  to  th e  C FD , were not strong  enough (<0 .1  V) to  trigger th e  CFD  o u tp u ts , in 
which case the  in p u t signals were am plified by th e  T im ing  F ilte r  Am plifiers (TFA s). 
T h e  TFA s boost th e  tim in g  signals a t th e  cost of th e  rise tim e  of th e  signals, in ­
troduc ing  add itiona l delays in the  circuit; hence th e  TFA s were not used when 
ex trac tio n  of th e  tim ing  inform ation  was m ore im p o rta n t. T he TFA s used were 
O R TEC -454 and ORTEC-474.
Time-to-Pulse-Height Converter (T P H C ).  T he o u tp u ts  from  th e  C FD  were fed 
to  th is  m odule, also called th e  tim e-to -am p litude  converter (TA C ). O ne C FD  o u tp u t 
is fed to  th e  STA RT of the  TAC and o th er to  th e  ST O P of th e  TAC. T he am p litude  
of th e  TAC o u tp u t is p roportional to  th e  tim e  in terval betw een th e  arrival of the  
STA RT and  th e  ST O P signals. It is possible th a t  th e  ST O P signal will arrive before 
th e  STA RT signal. T his can be explained by th e  following scenario: th e  signal arising 
from  a  tran s itio n  is de tec ted  by the  detec to r, whose o u tp u t is fed to  th e  STA RT of 
th e  TAC m odule. A nother d e tec to r de tec ts  th e  tran sition  th a t  follows th e  tran s itio n  
m entioned  above, and the  signal from  th is d e tec to r is fed to  th e  S T O P  of th e  TAC 
m odule. T he TAC th en  m easures th e  tim e  in terval betw een th e  arrival of signals 
a t th e  S T O P  and  START of th e  TAC m odule, b u t if th e  de tec to rs  are  identical, 
th e  d e tec to r whose o u tp u t is fed to  th e  ST O P of the  TAC m odule  can see th e  first 
tra n s itio n  and th e  detec to r whose o u tp u t is fed to  th e  STA RT of th e  TAC m odule 
can see th e  following tran sition . In such a case th e  tim e  m easured  will be  negative 
and  no o u tp u t will be genera ted  from  th e  TAC m odule. If th e  two tran sitio n s  are
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sim ultaneous (i.e., too fast for the  system  reso lu tion), s ta tis tica l fluc tuations can 
also resu lt in negative “o u tp u t” from  the  TAC m odule. In order to  correct th is, an 
add itional delay is in troduced  in the  S T O P  signal. T he  resu ltan t TAC peak  is thus 
in th e  m iddle of th e  TAC range, away from  th e  low-level noise.
Octal D iscrim ina tors . T he  o u tp u t from  the  C FD  was fed to  th e  octal d iscrim i­
nato rs. T he  o u tp u t from  these d iscrim inato rs was a logical pulse whose w id th  could 
be ad ju sted  by a  p o ten tio m ete r screw arrangem en t, to  ensure coincidence overlap 
w ith  signals from  o th er d iscrim inato rs, in th e  coincidence box. T here  was also the  
option  to  in troduce  an add itional delay betw een th e  in p u t and  th e  o u tp u t signal. 
W hen a  com bination  of sem iconductor and sc in tilla to r de tec to rs are used, th e  sig­
nals from  th e  sem iconductor de tec to rs arrive m uch la te r  th a n  th e  signals from  th e  
sc in tilla to r de tectors. T he  signals from  th e  la t te r  could thus be delayed to  ensure 
overlap w ith  signals from  th e  form er.
3 6 5 A L /3 6 4 A L  Logic Unit. T his logic box is used for de te rm in ing  coincidences 
(overlaps) betw een signals from  various sources. It can decide coincidence betw een 
up to  four different signals. If one of the  o u tp u ts  of th is logic un it is fed back in to  
one of its in p u t, th is un it can work like a “la tc h ,” where it will change its  s ta te  only 
w hen an  ex te rnal veto is applied.
222 Dual Gate Generator. In p u t from  th e  coincidence logic un it triggers the  
o u tp u t from  the  gate  genera to r, so th a t when a  coincidence event occurs a wide 
logical signal, known as gate, is generated  from  th is un it. T his gate  helps sto re  the  
energy and  the  tim ing  inform ation  of th e  coincidence event.
Analog-to-Digital Converter (A D C ).  T here  are two inpu ts  to  ADCs. O ne is the  
energy (from  the  energy am plifier) /  tim e  (from  th e  TA C ), and th e  o th e r is the
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ga te  from  th e  gate  generator. T he energy /tim in g  inform ation  is th en  converted  
in to  d ig ital form  to  be stored  away on the  m agnetic  m edium . T he e n e rg y /tim in g  
in form ation  is digitized only w hen th e  gate  signal is p resent (i.e., a  coincidence 
event has occurred). T he ADCs used had a  range of 512 to  8 k channels o u tp u t. 
T he  channel num ber in which th e  event was placed is d irectly  p roportiona l to  the  
am p litu d e  of th e  in p u t signal.
E vent H andler. T his is th e  m ain  un it for controlling th e  d a ta  collection and 
sto ring  of th e  inform ation  on the  m agnetic  m edium . W hen it receives a  signal 
from  th e  coincidence box, it blocks the  inpu t of any fu rth e r in fo rm ation  w ith  a 
la tch  un it. It th en  stores all th e  inform ation  in to  th e  buffer (to  be la te r  sto red  on 
m agnetic  storage tape) and th en  sends a veto to  the  la tch  to  open th e  p a th  for the  
n ex t packet of inform ation.
T he  electronic m odules described above were used a t different stages of various 
experim en ts. T he specific details for each experim ent is discussed in th e  “se t-u p ” 
p a rts  of th e  respective sections. These setups will be described in th e  la te r  sections, 
w hen ind iv idual experim ents are discussed. T he events from  these detec to rs can be 
sto red  in two m odes on the  m agnetic  storage m edium . T he events can be sto red  in 
coincidence m ode, where any two events which occur w ith in  a  certa in  p rede term ined  
tim e  are  sto red , for exam ple a 7 -ray photon  em ission followed im m edia te ly  by an  e~ 
p a rtic le , or the  events can be stored  in singles m ode where th ey  are  sto red  as they  
are d e tec ted , and carry  no inform ation  abou t events th a t  follow or precede. T he  
events in singles m ode from  all th e  detectors were stored  on the  hard  disk and  were 
la te r  copied to  8 m m  storage tapes after th e  experim ent for fu tu re  reference. O n a
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com pletely  independen t com puter system , th e  d a ta  was collected in th e  coincidence 
m ode and sto red  away on the  8 m m  storage tapes.
T he coincidence d a ta  th a t  was stored  on 8m m  storage tapes, was th en  scanned  to 
genera te  tw o-dim ensional correla tion  arrays, also know as tw o-dim ensional m atrices 
(4096 x 4096 channels) betw een events of two different detec to rs. T hese m atrices 
were m ade  by th e  use of softw are known as SCAN developed a t O R N L. A n exam ple 
of th e  file controlling th e  SCAN, know as the  CH IL file can be seen in A ppendix
B. T he softw are packages DAM  and  DAM M , also developed a t O R N L, were then  
used to  ob ta in  th e  coincidence inform ation  from  th e  m atrices by pulling  gates on 
one axis of th e  m atr ix  and looking a t th e  pro jection  from  th e  o th er axis. D uring 
th e  scan, a  ga te  was usually  p laced on th e  TAC (tim e-to -am p litu d e  converter) peak  
to  set a  lim it w ith in  which th e  two events should have occurred to  be reg istered  as 
a  coincident event. T he pro jec tions from  the  tw o-dim ensional m atrices, sto red  as 
.HIS files, were stored  in .SPK  files.
T he  singles d a ta  was th en  used to  get th e  energy and th e  s tren g th  in fo rm ation  of 
all th e  tran sitions . Softw are package SAM, developed a t O R N L, was used to  fit th e  
peaks to  ob ta in  th e  energy in form ation  of the  tran sitions. From  th e  sam e program , 
areas under th e  peaks were also ob tained , which, w hen divided by th e  efficiency of 
th e  d e tec to r a t  th a t  energy, gave th e  in tensity  of th a t  tran sition .
3 .2  S u p e r d e f o r m a t io n  S e a rc h  in  190H g  a n d  192H g
3 .2 .1  B y  e — 7 , e — e C o r r e la t io n
A p p a r a tu s .  As discussed earlier, superdeform ed bands have been identified 
in 192Hg [32, 33] and in 190IIg [31] b u t have not been placed in th e  energy scale.
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T heoretically , th e  band  head has been p red ic ted  to  be around 3 or 5 M eV [38, 39, 40]; 
however, th e  p robab ility  of ou t-of-band tran sitions  is enhanced around  spin value 8 
and  therefore  th e  levels w ith  low spins and the  band  head  are very weakly popu la ted . 
In  th e  case of rad ioactive  decay of 192T1 (spin values of 7+ and 2“ ), th e  p robab ility  
of feeding th e  band  head (and  a  few of the  lowest levels in th e  band) is increased. 
C oexisting bands are  observed to  decay by E0 tran sitio n  (for exam ples see references 
[23, 30, 51, 52]), and , since no 7  rays have been observed as th e  depopu la ting  
tran s itio n s  from  th is  band , E0 tran sitions , if any, would be easily de tec tab le  owing 
to  very low background in th is energy range.
E xperim en ts  were conducted  a t U N ISO R  to  locate the  superdeform ed bands in 
i9o,i92jjg ky J o k in g  a£ ik e  e lectron-electron  correlations. In order to  achieve th is, 
four Ge and  two Si(Li) de tec to rs  were arranged  around  the  two de tec ting  s ta tio n s  
on th e  U N ISO R  beam  line, as shown in Fig. 3.3.
T he  192T1 isotope has an isom er of spin and p arity  7+ (half-life of 10.8 m in) and  a 
2“ ground s ta te  (half-life of 9.6 m in). T he production  of th e  ground s ta te  w ith  spin 
2“ is discussed in section 3.2.2. To produce th e  7+ isom er, an 115-MeV 160  beam , 
p roduced  by the  25-MeV tan d em  a t H H IR F, bom barded  a  9 m g /c m 2-th ick  181Ta 
ta rg e t to  produce th e  reaction  181T a(160 ,5 n ) 192T l, and  192T1 thus p roduced  decayed 
to  192Hg . T he T1 source was deposited  on th e  m oving m agnetic  ta p e  afte r being 
p roduced  from  th e  ion source a t UN ISO R. T his tap e  was then  m oved to  th e  two 
d e tec tin g  s ta tio n s  in two steps, so th a t  the  ra tio  of th e  num ber of T1 to  th e  num ber 
of its dau g h te r nuclei was m axim ized. T his arrangem en t of tap e  and  de tec to rs  can 
be seen in Fig. 3.3. A t th e  first s ta tion , th e  tap e  was tw isted  by an  angle of 45°, so 
th a t  it would shine on th e  two Si (Li) de tec to rs of which one was horizon tal and  the
o th er was vertical looking down on th e  beam  line from  above. A Ge d e tec to r was 
p laced horizontal, facing th e  horizontal Si(Li) de tec to r. C a lib ra tion  source for th is 
s ta tio n  was in troduced  from  below. A t the  second s ta tio n  were th ree  Ge de tec to rs  of 
w hich two where placed horizon tal and one was vertical, looking up, in to  th e  beam  
line. In th is case th e  ca lib ra tion  source was in troduced  from  above th e  beam  line. 
T h is  can be seen in Fig. 3.3. T h e  Si(Li) d e tec to r th a t  was m oun ted  vertica lly  was 3 
m m  th ick , had  an a rea  of 200 m m 2, and  was placed a t a  d istance  of 5 m m  from  th e  
ta p e . T h e  o ther Si(Li) d e tec to r was 5 m m  th ick , had  an a rea  of 200 m m 2, and  was 
p laced  a t a  d istance  of 4 m m  from  th e  tape . T he  Si(Li) de tec to rs  had  a  reso lu tion  
of 2.5 keV a t 552 keV. T he  only Ge d e tec to r on th e  first s ta tio n  was a  25% d e tec to r 
w ith  a  reso lu tion  of 2.0 keV a t 785 keV. O n th e  second s ta tio n , th ere  were th ree  Ge 
detec to rs: a 15% d e tec to r w ith  a  resolution of 1.7 keV and a  24% d e tec to r w ith  a 
reso lu tion  of 2.0 keV a t 785 keV , bo th  placed horizontally , and a  35% d e tec to r w ith  
a  reso lu tion  of 1.7 keV a t 785 keV, placed vertically.
T he  layout of th e  electronic c ircu it used for d a ta  collection is shown in Figs. 3.5 
an d  3.6. T h is layout is only for one of the  two detec ting  sta tions; however, th e  se tup  
was exactly  th e  sam e for th e  second s ta tion  except for th e  fact th a t  th e  Si(Li) e lectron  
d e tec to rs  were replaced by Ge detectors. T he  signals from  th e  de tec to rs  were fed 
in to  pream plifiers, th e  o u tp u t of which was fed to  th e  am plifier w ith  variab le gain. 
B y a d ju s tm e n t of th e  am plification , th e  energy range of th e  de tec to rs  was selected. 
T h e  o u tp u t of th is am plifier was fed in to  th e  ADC m odule th a t  converted  th e  analog 
signals from  th e  am plifier to  d ig ital signals.
A no ther o u tp u t from  th e  pream plifiers was fed in to  th e  C FD s via th e  TFA . T he 
logical o u tp u t from  th e  C FD  was in p u t to  a  TAC m odule  to  m easure  th e  tim e
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difference betw een two coincidence events. A nother o u tp u t from  the  CFD  was fed 
in to  an octal d iscrim inato r th a t  generated  a pulse for th e  coincidence un it th a t  in 
tu rn  triggered  an o u tp u t signal when a coincidence event occurred. T his o u tp u t 
from  th e  coincidence u n it ac tivated  the  event hand ler to  record th e  event in to  the  
buffer and  also triggered  a  ga te  from  the  dual ga te  generato r to  allow the  energy and 
th e  tim ing  inform ation  of th a t  coincidence event to  be stored  onto  th e  d a ta  storage 
devices.
In a  sim ilar a rrangem en t, an  a tte m p t was m ade to  locate th e  superdeform ed 
ban d  of 190Hg using th e  reaction  185R e(16O ,l ln ) 190Bi; 190P b  was produced  th a t  
decayed to  190T1 th a t  in tu rn  decayed to  190H g. In th is  case, a  170-MeV 160  beam  
was d irec ted  onto a 185Re ta rg e t to  produce 190Bi (T 1/2 =  5 sec) nuclei th a t  be ta - 
decayed to  190P b  (T 1/2 =  1.2 m in), which in tu rn  decayed to  190T1 (T ! / 2 =  2.6 
m in). T he 190Bi decays to  th e  ground s ta te  (0+ ) of 190P b , which in  tu rn  decays to  
th e  g rou n d sta te  of 190T1 isotope. T he p roduction  of low-spin T1 isotope from  the  
above decay chain was th e  reason for th e  choice of 185R e(16O , l l n ) 190Bi reaction . 
T his 190T1 source was ex trac ted , m ass-separated , and deposited  on to  th e  m oving 
tape .
In b o th  th e  cases, singles sp ec tra  were sto red  on th e  hard  disk and  th e  coincidence 
events were sto red  on th e  m agnetic  tapes. In th e  s tudy  on 192H g , 1.1 x 108 events 
were recorded and 1.4 x 108 events in th e  s tudy  on 190Hg.
192H g  D a t a  a n d  R e s u l ts .  T he  experim ent described above was conducted  on 
192Hg . A gate  was selected on the  e lectron of the  last identified tran s itio n  in the  
superdeform ed band , and th e  electron spectrum  in coincidence w ith  it can be see 
in Fig. 3.7. T he spectrum  in th is  figure is ga ted  on th e  131.5 keV region (K line
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of 214.6 keV , th e  tran s itio n  betw een th e  last two levels of the  superdeform ed band  
observed [32, 33]). Since 131.5 keV is only 2 keV away from  th e  M line of a s trong  E2 
tra n s itio n , 133.1 keV, a lot of tran sitio n s  (ind icated  in th e  Fig. 3.7) in coincidence 
w ith  it appear in th e  spectrum . T he spectrum  in th e  energy region above 1 M eV 
ind ica tes th a t  EO tran sitio n s  (if any) betw een th e  coexisting superdeform ed and 
ground  band  were too  weak to  be de tec ted  by our system . In o rder to  avoid having  
counts less th a n  zero in any channel, a  constan t background of 100  counts is added 
to  th e  whole spectrum .
190H g  D a t a  a n d  R e s u l t s .  A n experim ent sim ilar to  th e  one in th e  192Hg case 
described  above was conducted  to  locate  th e  a lready  identified superdeform ed  band  
[53, 54]. A g a te  was selected  on th e  257 keV electrons, K-conversion of th e  360 keV 
tra n s itio n , th e  lowest identified superdeform ed band tran sitio n , and  th e  electron  
sp ec tru m  in coincidence w ith  it  can be seen in Fig. 3.8. As in th e  192Hg case, the  
190Hg sp ec tru m  ind ica ted  th a t  th e  EOs (if any) were too weak to  be de tec ted .
3 .2 .2  B y  I n t e r n a l  P a i r  F o r m a t io n
A p p a r a tu s  T h e  resu lts  from  th e  experim en ts  described above suggested th a t  
possible EO tran sitio n s  from  th e  superdeform ed bands were w eaker th a n  th e  sensi­
tiv ity  of our de tec tion  system , and  so it was decided to  look for an  in te rn a l pa ir 
fo rm ation  process th a t  becom es a  com peting  m ode of depopu la tion  when th e  tra n ­
sition  energy involved is abou t 2 MeV or g reater. In order to  s tudy  pa ir p roduction  
events a  new beam  line m odule was required . T his was necessita ted  because, in o r­
der to  de tec t pa ir p roduction  events w ith m ax im um  detec tion  efficiency, one needed 
two Si(Li) de tec to rs  in close p roxim ity  (facing each o ther). T here  also had  to  be  two
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F igure  3.7. E lectron  spectrum  in coincidence w ith  131.5 keV electrons (K line of a 
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Ge detec to rs facing each o ther to  de tec t the  two 511-keV 7 -ray photons th a t  resu lt 
from  the  e+ ann ih ila tion . Finally, ano ther Ge de tec to r was needed to  function  as an 
x-ray  detec to r. A new beam  line m odule was designed to  accom m odate  these  five 
de tec to rs  facing th e  rad ioactive  source th a t  moves on the  0.25-inch collection tape. 
T he  m odule was so designed so th a t  besides the  five detec to rs, there  was provision 
to  connect th e  tap e  drive and also to  insert a  calibration  source. T he s tru c tu re  of 
th is  m odule can be seen in Fig. 3.9. T he tap e  on which th e  source is deposited  was 
d iverted  a t an angle in stead  of traveling  in th e  conventional d irection  along th e  axis 
of th e  beam  line in th e  sam e horizontal plane. T his allowed th e  x-ray d e tec to r to  
face in to  the  beam  line w ith  th e  two Ge and two Si(Li) detecto rs p laced around  the  
beam  line. T he Si(Li) de tec to rs were placed horizontal, facing each other.
T he  calib ra tion  source was also in serted  from  th e  side (see Fig. 3.9) in th e  sam e 
horizontal p lane as th e  tap e  and  the  Si(Li) detectors. This source was able to  shine 
on one of th e  two Si(Li) de tec to rs on the  sam e side as the  tap e , b u t th e  o ther 
d e tec to r was shielded from  th e  source by the  tape; hence, th e  source holder was 
designed so th a t  it could be ro ta ted  90° so it  could shine on th e  second de tec to r 
from  under th e  tape . A m echanical lock on the  outside ensured  th a t  th e  calib ra tion  
source approached  th e  detec to rs close enough w ithou t touching them .
Since th e  previous experim ents d id  not show any substan tia l feeding of th e  lower 
few levels of th e  superdeform ed band, it  was decided to  increase th e  feeding of the  
g round s ta te  (2~) of 192T1 by producing  192P b  which has a 0+ ground s ta te . By 
using th e  reaction  182W (160 ,6 n ) 192P b, 192P b  was generated , which decayed to  the  
2“ ground s ta te  of 192T1 . To achieve th is reaction , a 145-MeV 160  beam  from  the  
25 M V tandem  accelerato r a t H H IR F  was m ade incident on a stack  of four p la tes of
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Figure 3.9. T he beam  line m odule designed for the  in ternal pa ir fo rm ation  exper­
im en t. T he two Si(Li) de tec to rs  were placed horizontal and th e  tw o Ge detec to rs 
w ere placed vertical. A nother Ge de tec to r which functioned as an x-ray de tec to r 
was p laced horizontal a t the  far end of th e  beam line. Tape drive and calib ra tion  
source po rt were connected a t 45° to  the  beam line.
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a 3.9 m g /c m 2 th ick  182’184W  ta rg e t. T he  192Pb  (Tx/ 2 =  3.5 m in) was th en  allowed 
to  decay to  th e  ground s ta te  of 192T1. These 192T1 nuclei were th en  accelerated  and 
m ass separa ted  to  be deposited  onto a  m oving tap e  system . T he ta p e  was m oved 
every two m inu tes so th a t  the  source of 192T1 nuclei was m oved to  d e tec ting  sta tions 
and  a  fresh source could be collected.
T he d e tec ting  s ta tio n  was em ployed w ith  two Si(Li) de tec to rs  th a t  had  an  area 
of 200 m m 2 and  were 3 m m  th ick  facing each o ther, two Ge detec to rs (35%) facing 
each o ther, and  a  th in  window Ge de tec to r (15%) to  de tec t x-rays, (see Fig. 3.9). 
T h e  two Si(Li) detecto rs had  energy resolutions of 1.85 keV a t 552 keV (K line of 
635 keV 7 -ray) and 4.95 keV a t  546 keV (K line of 635 keV 7 -ray). T he second 
de tec to r, which had  an in trin sic  resolution of 1.9 keV, had  such poor reso lu tion  
because i t  was p laced beh ind  th e  m oving tap e  (see Fig. 3.9) th a t  tra n sp o rte d  the  
source from  th e  collection point to  th e  detec ting  s ta tion . T he  two Ge de tec to rs  had 
energy resolutions of 1.85 keV a t 786 keV, and  th e  x-ray  de tec to r had  an  energy 
reso lu tion  of 1.55 keV at 786 keV. T he Ge de tec to r th a t  was “converted” to  an 
x-ray  d e tec to r had  a th in  window and was opera ted  a t high am plification  gain in 
th e  electronic setup .
T his new arrangem en t of detecto rs required  a  different opera tion  p rocedure of 
th e  electronics setup . T h is se tup  can be seen in Figs. 3.10 and 3.11. T he electronic 
se tup  was exactly  th e  sam e as in the  case of one of th e  two de tec ting  s ta tions 
in section 3.2.1, except th a t there  were five detectors in stead  of th e  th ree  in  th e  
previous case. T he significant difference from  th e  previous se tup  was th e  challenge 
to  hand le  th e  coincidence un it since th e re  were five detec to rs and  th e  m axim um  
capacity  for th e  logic un it was four inpu ts. Also w ith five detecto rs th ere  were ten
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possibilities of two-fold coincidence events, b u t not all of them  were im p o rta n t since 
every tim e  an event was being sto red  the  system  stayed dead for th a t  range of tim e, 
resu lting  in an increased possib ility  of events of in te rest occurring  when th e  system  
was try in g  to  store  coincidence events th a t  were not significant. So m ore th a n  one 
coincidence box was used, as shown in Figs. 3.10 and  3.11, and  a  different system  
of coincidence c rite ria  was set in these logic un its . For exam ple, in th e  first box 
th e re  were th ree  inpu ts: E l  [from one of th e  two Si(Li) detectors], E2 [from the
o th er Si(Li) de tecto r], and  G l from  one of the  th ree  Ge de tec to rs). T his raised  a 
possib ility  of th ree  two-fold coincidences, nam ely, E 1-E 2 , E l -G l ,  and E2-G2. It was 
decided to  keep th e  first two coincidences b u t no t to  store  th e  last type  of coincidence 
event. So, since E l  occurs in bo th  of th e  events of in te rest, E l  was in p u t to  tw o of 
th e  four in p u ts  of th e  coincidence u n it, and  E2 and G l were in p u t to  th e  rem ain ing  
two in p u ts . A three-fold  coincidence was th en  set as th e  criterion  for d e tec ting  a 
coincidence event, m aking  sure th a t  in th e  absence of a signal from  E l ,  th e  signals 
from  th e  o ther two de tec to rs  would not qualify as a coincidence event.
192H g D ata  and R esu lts T he aim  of th e  experim en t was to  iden tify  the  
tran sitio n s  from  th e  superdeform ed band  to  th e  norm al band  by in te rn a l p a ir  for­
m ation . To achieve th is, a  tw o-dim ensional m a trix  of e lectron-electron  correla tion  
was genera ted  from  th e  raw d a ta . T he  energy calib ration  was ad ju sted  to  be the  
sam e on bo th  th e  axes. By using th e  O R N L graphics package D A M M , rec tangu lar 
regions, known as “b an an as,” were selected on th is m atrix . Each b an an a  was 500 
channels long and  two channels wide w ith  two channels along th e  line of slope value 
1 and 500 channels being parallel to  th e  line w ith  slope -1, as shown in Fig. 3.12.
T he first b an an a  had its lowest and leftm ost point touching th e  x axis and  th e  
y axis, respectively. All th e  bananas were placed in consecutive order w ith  th e ir  
lengths touching to  avoid any gaps betw een th e  bananas. T he choice of th e  first 
b an an a  was m ade to  exclude all th e  low energy strong  peaks. T his arrangem en t 
thus  scanned th e  sum  energy (energies of the  two e lectron  detecto rs added) range of 
abou t 1 M ev to  4 M ev. Since th e  energy calibration  on bo th  th e  axes was th e  sam e 
and  th e  bananas had  th e ir  lengths parallel to  the  line w ith  slope - 1 , th e  sum  of th e  
two energies a t any poin t in  each b anana  was taken  to  be th e  sam e. T his schem e 
of analysis was necessita ted  because, in th e  case of an in te rnal pa ir fo rm ation , the  
e lectron  and  the  positron  share the  energy betw een them selves and  therefore lie on 
th e  stra igh t line parallel to  th e  lengths of the  bananas. So, in the  event of a  strong  
tran s itio n  by th e  m ode of in te rn a l pa ir form ation, a  strong  line along the  lengths of 
th e  bananas resu lts . If a p lo t of counts vs th e  sum  of th e  tw o energies is p lo tted , 
th is  tran s itio n  would show up as a peak in th is p lot; hence, th e  num ber of counts in 
each b an an a  were p lo tted  against the  sum  of the  energies of th e  two detec to rs, and 
th is p lo t can be seen in Figs. 3.13 and 3.14.
From  Figs. 3.12 and 3.13 it can be seen th a t  whenever a  banana  encounters 
th e  m eeting  poin t of any two transitions a  corresponding peak can be seen in Figs. 
3.13 and 3.14. In Fig. 3.14 th ere  are two strong peaks. T he first peak  in Fig. 3.14 
corresponds to  th e  sum  energy of the  K line of 423 keV tran s itio n  (2+ —> 0+ ) and  
th e  K line of 635 keV tran s itio n  (4+ —> 2+ ), and the  second peak corresponds to  
th e  sum  of th e  K line of 745 keV transition  (6+ —► 4+ ) and th e  K line of 635 keV 
tran sitio n  (4+ —> 2+ ), surrounded  by m any o ther sm aller peaks th a t  correspond to  
sum s of various transitions. T h is clearly dem onstra tes th a t  the  system  is working
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F igure  3.12. T he  th ree-d im ensional m a trix  of electron-electron  correla tion , where 
th e  two sets of two dark  lines (one set parallel to  th e  x axis and  th e  o th e r paralle l 
to  th e  y axis) represent coincidence betw een the  K conversion lines of th e  423 keV 
(2+ —> 0+) and  635 keV 4+ —>2+)  transitions. Specim ens of five bananas (second 
and  th ird  bananas being ad jacen t, show up as one single, wide, b anana) are shown 
as th e  diagonal long areas (2 x 500 channels) w ith th e  second (along w ith  th e  th ird ) 
b an a n a  from  th e  left represen ting  the  ones th a t  contain  th e  peak th a t  rep resen ts the  
coincidence betw een the  423 keV and 635 keV transitions. O nly  counts from  35 to 
350, in th e  increasing order of in tensity , are  shown.
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F igure  3.13. P lo t of counts in  each b anana  vs the  sum  of th e  energies. Peaks 
correspond to  th e  coincidence betw een transitions shown in th e  figure. T h is dem on­
s tra te s  th e  fact th a t  an increase in th e  num ber of counts can be seen w hen an 
e lectron-electron  correla tion  is encountered .
p roperly  and  would “see” th e  e+ ,e“ pair th e  sam e way. A closer view on th e  sm all 
peaks can be seen in  Fig. 3.13, w hereas th e  full range of energies can be seen in Fig.
3.14.
In  th e  first peak  (423K + 635K) there  are  7002 counts (i.e., 7002 pairs of electron- 
e lec tron  correlations for those two transitions). This is also equivalen t to  th e  nu m b er 
of decays of 192T1 nuclei m ultip lied  by th e  rela tive in tensity  of th e  423 keV tra n s itio n  
(i.e., 1.00), re la tive  in tensity  of th e  635 keV tran sitio n  (i.e., 0.885), and  th e  (E2) 
K -conversion coefficient ak  for the  423 and  635 keV tran sitio n s  (i.e., 2.85 x 10~ 2 
and  1.2 x 10- 2 , respectively). Hence, for 2.313 x 107 decays, th e re  are  no o th er 
identifiab le peaks b u t only backgrounds of 400, 100, 25, 10 and  4 counts a t 2.0, 2.5, 
3.0, 3.5, and 4.0 M eV, respectively. Since the  error on th is a rea  is th e  square  root
63
100000
(423 K +  6 35  K)
50000
745
(635 K +  7 45  K)
10000
6 35
tt
5000</>
423
1000
500
100
1000 1500
Sum Energy (Mev)
2000 2500
Figure  3.14. P lo t of counts in each banana  vs th e  sum  of energies of e lectrons and 
positrons or electrons and electrons, in th a t  banana. T he  two sm all peaks correspond 
to  th e  sum  of the  e lectron  energies of different tran sitio n s  in 192Hg as ind ica ted .
of th e  area, it im plies th a t , if th e re  were a  peak  w ith  a rea  g rea ter th a n  th e  square  
roo t of th e  background, it would have been easily identifiab le over th e  background. 
H ence, se ttin g  th e  lim it of counts in th e  peak as less th a n  th e  square  root of th e  
background, th e  m axim um  lim it on the  num ber of counts in  a  peak  a t 2.0, 2.5, 3.0, 
3.5, and  4.0 M eV would be 20, 10, 5, 4, and  2, respectively. In 190Hg th e  second 2+ 
level decays to  th e  first 2 + level by an E 2 /M 1 /E 0  tran s itio n , w here its  conversion 
coefficient value is 4.4 x 10—2 ( i.e ., 95.8% of th e  tran s itio n  is th rough  th e  gam m a 
em ission). A ssum ing  the sam e schem e  for th e  decay of th e  superdeform ed b an d  in 
192Hg from  th e  2+ level to  th e  norm al deform ed band  2+ level, m ax im um  lim its  can 
be set on the  popu lation  of th e  superdeform ed 2+ level, per 100 decays of 192T1. 
T hese lim its  can are  given in Table 3.1, where the  lim its on th e  p opu la tion  of th e
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Table 3.1. M axim um  lim it for th e  popula­
tion  of th e  2 + level in th e  superdeform ed 
band , per 100 decays of 192T1 nuclei, as a 
function  of th e  absolu te  energy of th e  2+ 
level.
E nergy of 2+ M axim um  lim it
level per
M eV 100 decays
2.0 2.05 x 10~3
2.5 1.03 x 10" 3
3.0 5.13 x 10~4
3.5 4.10 x 10" 4
4.0 2.05 x 10" 4
2 + level in th e  superdeform ed band  are given as a  function  of th e  abso lu te  energy 
of th e  level.
Since 192T1 has two spin values of 7+ (isom er) and 2“ (ground s ta te ) , th e  0+ is 
m ain ly  fed from  th e  2 + level, and  hence its lim it on th e  popu lation  pe r 100  decays 
will no t exceed th e  lim it of popu lation  of th e  2+ level.
190H g  d a t a  a n d  r e s u l t s  A sim ilar experim ent on 190Hg was no t possible due 
to  shutdow n of th e  H H IF R , b u t a  sim ilar analysis was done on th e  d a ta  ob tained  
from  th e  experim en t described in section 3.2.1. In th a t  experim en t th e  electron- 
e lec tron  correla tions were ob ta ined  betw een events from  two Si (Li) de tec to rs  a t 
righ t angles to  each o ther, unlike in the  case described above. T he  p robab ility  of 
e~ — e+ pa ir fo rm ation  falls to  ha lf the  value when th e  angle betw een th e  e+ and 
e~ pairs is decreased from  180° to  90°. In th e  experim ent described, even though 
th e  de tec to rs  were placed a t righ t angles to  each o ther, th e  rad ius of ab o u t 4m m
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Figure 3.15. P lo t of counts in  each banana  vs the  sum  of th e  energies. Peaks 
correspond to  th e  coincidence betw een tran sitions  shown in th e  figure. T his dem on­
stra te s  th e  fact th a t  an increase in th e  num ber of counts can be seen w hen an  
elec tron-elec tron  correla tion  is encountered.
of th e  d e tec to r crysta l, allowed the  m axim um  angle betw een th e  e~ and  e+ to  be 
m uch g rea te r th a n  90°. T hus the  decrease in efficiency of de tec ting  in te rn a l pa ir 
fo rm ation  events a t 90° is no t substan tia l.
B ananas 500 channels long and tw o channels wide, w ith  two channels along th e  
line of slope value 1 and  500 channels parallel to  the  line w ith  slope -1, are shown 
in Fig. 3.12. For th e  case of 190H g , a p lot of counts vs th e  sum  of th e  energies of 
tw o Si(Li) de tec to rs  can be seen in Figs. 3.15 and 3.16. In th e  figures two strong  
peaks th a t  correspond to  th e  sum  of th e  K line of the  416 keV (2+ —> 0+ ) and  625 
keV (4+ —> 2+ ) tran sitio n s  and th e  sum  of th e  K line of the  625 keV and  731 keV 
(6 + —> 4+ ) tran sitions . A m ore expanded version of th a t  region can be seen in Figs.
3.15.
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Figure 3.16. P lo t of counts in each b an an a  vs th e  sum  of energies of electrons and 
positrons or electrons and  electrons in th a t  banana. T he two sm all peaks correspond 
to  th e  sum  of th e  e lectron  energies of different tran sitio n s  in 190H g , as ind ica ted .
In o rder to  set a  lim it on th e  popu lation  of th e  superdeform ed 2+ level p e r 100 
decays of 190T1 , an analysis sim ilar to  th a t  in  th e  192Hg case was done. T here  
w ere 2538 counts under the  peak  th a t  corresponded to  th e  sum  of th e  K line of 
th e  416 keV (in tensity  100 and a * =  2.692 x 10-2 ) and th e  K line of th e  625 keV 
(in tensity  77.6 and a* =  1.24 x 10~2). This im plies th a t  for 8.905 x 106 decays 
of 190T1 there  are no identifiable peaks b u t only backgrounds of 137, 48, 10, and 
2 counts a t 2.0, 2.5, 3.0, and 3.5 M eV, respectively. Since th e  erro r on th is  area  
is th e  square root of the  background, a peak w ith  an a rea  g rea ter th an  th e  square  
roo t of th e  background would be easily identifiable. Hence, th e  m ax im um  lim it on 
th e  num ber of counts in a peak  a t 2.0, 2.5, 3.0, and  3.5 M eV would be 12, 7, 4, 
and  2 counts, respectively. A ssum ing a sim ilar decay p a tte rn  as th a t  of th e  excited
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Table 3.2. M axim um  lim it for the  popula­
tion  of th e  2+ level in th e  superdeform ed 
band , per 100 decays of 190T1 nuclei, as a 
function  o f th e  absolu te  energy of th e  2 + 
level.
E nergy of 2+ M axim um  lim it
level per 100 decays
M eV
2.0 3.20 x 10" 3
2.5 1.81 x 10~3
3.0 1.07 x 10- 3
3.5 5.33 x 10~4
deform ed band  in 190Hg (a t 1279 keV) to  its ground band , the  lim it for p opu la ting  
th e  2+ level of th e  superdeform ed band in 192Hg is given in Table 3.2. T he  lim it on 
th e  p o pu la tion  of th is  superdeform ed band 2 + level is shown as a  function  of the  
e x c ita tio n  energy.
Since 190T1 has two spin  values of 7+ (isom er) and 2" (ground s ta te ) , th e  0+ is 
m ain ly  fed from  th e  2 + level, and  hence its lim it on th e  popu lation  per 100  decays 
of 190T1 will no t exceed th a t  of th e  2+ level.
3.3 L ifetim e M easurem ents in 186Hg and 188Hg
It has been estab lished  in section 2.3 th a t  when m ixing betw een coexisting shapes 
occurs th e  d irect m easure  of th e  s tren g th  of th is m ixing is th e  s treng th  of th e  E0 
tra n s itio n  betw een th e  in tru d e r s ta te  and the  ground s ta te  [36], and  th a t  th e  only 
exp erim en ta l q u a n tity  needed to  m easure th is E0 s tren g th  is the  lifetim e of th e  level 
th a t  decays by th e  E0 tran sitio n . This section deals w ith th e  developm ent of th e
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experim en ta l techniques th a t  were used to  m easure level lifetim es on th e  o rder of 
picoseconds th a t  are fed by /Tdecay or electron cap tu re  and th a t  depopu la te  by a 
7 - tran sitio n  or by in te rnal conversion electrons.
In o rder to  achieve m easurem ents on th e  picosecond level, d e tec to rs  w ith  a  fast 
tim in g  response m ust be used. D etectors m ade w ith  B aF 2 sc in tilla to rs and  state-of- 
th e -a rt pho to tubes have very fast tim ing  response b u t very poor energy resolutions, 
which will be explained  m ore clearly in the  following sections. T he  poor energy 
reso lu tion  m akes it difficult to  pick ou t the  exact transitions of in terests. Solid-state  
d e tec to rs  like Ge and  Si(Li) system s have very good energy resolution b u t have very 
poor tim ing  response. Hence, a t TR IST A N  a t Brookhaven N ational L aboratory , 
th e  de tec to rs  of bo th  of these types were com bined in a  trip le-coincidence system  to 
m easure  level lifetim es a t the  pico-second level. In th is trip le-coincidence system , 
fast de tec to rs  w ith  p lastic  scin tilla tors to  de tec t /^-particles and  B a F 2 sc in tilla to rs 
to  d e tec t 7 -transitions were used to  ob tain  the  tim ing  inform ation . A th ird  de­
tec to r  (Ge) was used to  pick ou t the  cascades of in terest, thus form ing th e  trip le  
coincidence.
T he  first successful a tte m p t to  use conversion electrons along w ith  x-rays, which 
follow these  conversion electrons, to  m easure nuclear level lifetim es a t th e  sub­
nanosecond level and  th e  techniques developed on the  basis of these ideas are  dis­
cussed in th is  section.
3 .3 .1  A p p a r a tu s  T he m easurem ent of nuclear level lifetim es th a t  lie in  th e  
range of 1 0~ 10 to  1 0~ 12 seconds can be accom plished w ith th e  delayed coincidence 
m eth o d , provided th e  tim ing  resolution of the  fast coincidence circu it is good enough
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to allow the distinction between the delayed and prompt timing spectra. For sen­
sitivity in the picosecond regime, a full-width at half maximum (FWHM) for the 
prompt timing spectrum on the order of a few hundred picoseconds is required. 
This is not attainable by using standard semiconductor detectors owing to their 
inherently slow charge collection times.
A system to measure nuclear level lifetimes in the picosecond range was developed 
recently at the TRISTAN [56] on-line separator facility, which was able to achieve 
adequate timing resolution with the implementation of BaF2 scintillators for the 
detection of 7  radiation. This system was based on the measurement of a fast 
coincidence between a /3~ ray, detected in a thin plastic scintillator, and a 7  ray 
observed in a BaF2 detector. Since the energy resolution of a BaF2 detector is 
rather poor (typically 9% for the 662-keV transition in 137Cs) when compared with 
the resolution attainable with a standard semiconductor detector, a slow coincidence 
circuit that uses a Ge 7 -ray detector to isolate the 7  cascade of interest was employed. 
The resulting highly selective /?“ - 7  - 7  fast/slow triple coincidence timing circuit 
allowed the measurement of nuclear lifetimes to <  1 0  ps, involving 7 -ray energies of 
>  150 keV.
One limitation of the above system, however, was the requirement of a cascade 
of 7  radiations through the use of a Ge detector as the transition-selective element. 
This requirement precluded the measurement of lifetimes for certain nuclear levels; 
particularly those that decay solely by electric monopole (E0) transitions. Since an 
E0 transition results in the emission of a conversion electron (e_ ) with no corre­
sponding 7  ray, these transitions would be missed in the system described above.
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A nother lim ita tio n  of th e  picosecond lifetim e system  is its reliance on th e  f3~ 
decay process to  trigger th e  fast coincidence system . For nuclei th a t  lie on the  
neu tro n  deficient side of the  valley of /? stab ility , th e  e lectron  cap tu re  process can 
com pete  favorably w ith  positron  (/?+ ) decay, especially in cases w here th e  decay 
energies are  low and Z is large. W hen j3+ decay is th e  dom inan t process, a  fast 
tim in g  system  th a t  is essentially  th e  sam e as th e  T R IST A N  [56] system  can be 
used; however, in  th e  s itu a tio n  where th e  process of e lectron  c ap tu re  dom inates, 
th e re  is no em ission of a  f3 ray and  therefore no trigger for th e  fast tim ing  circu it.
Significant m odifications were m ade to  th e  design of th e  picosecond lifetim e 
system  [56] described  above, for th is  work, w ith  th e  im p lem en ta tion  of th e  B a F 2 
crysta ls as x-ray  detec to rs to  circum vent the  lim ita tions previously described. O ne 
m odification  m ade was th e  rep lacem ent of the  Ge 7  d e tec to r w ith  a Si(Li) e~ de tec to r 
and  th e  use of a  B aF 2 crystal to  de tec t the  resu lting  x-rays from  th e  K-conversion 
process. Such a  system  allows th e  lifetim e m easurem ent of a  level th a t  decays 
v ia  an  E0 tran s itio n . A second m odification was th e  rep lacem ent of th e  p lastic  
13 sc in tilla tion  d e tec to r w ith  a  second B aF 2 d e tec to r to  de tec t th e  resu lting  x-rays 
from  th e  e lectron  cap tu re  process. T his second schem e p e rm itted  th e  m easu rem en t 
of nuclear level lifetim es where electron cap tu re  was the  dom inan t decay process 
th a t  popu lates th e  levels of in terest.
A daptation  of th e  f3~ - 7 - 7  Picosecond L ifetim e System . T he (3~ - 7  
- 7  picosecond lifetim e system  was adap ted  for use a t th e  U N ISO R  facility, where 
th e  experim en ts  involve decay stud ies of nuclei on th e  neutron-defic ien t side of the  
valley of /3 stab ility , p roduced from  the  reaction  of heavy ions a t energies above 
th e  C oulom b barrier. For neutron-deficient nuclei far from  the  /? s ta b ility  line,
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the energy available for 0  decay will typically be large. In nuclei where 0 + decay 
competes favorably with the electron capture process, the 0 ~  - 7  - 7  picosecond 
lifetime system needed little or no modification.
The 0 + - 7  - 7  lifetime system operated at UNISOR used the fast/slow coinci­
dence circuit to define a triple coincidence between an initial 0 + particle and two 
cascading 7  rays. The fast timing part of the lifetime system consisted of a thin, 
disk-shaped NE-111A plastic scintillator A E  0  detector, with a diameter of 1.3 cm 
and a thickness of 0.3 cm. The scintillator was mounted on a Philips XP-2020 
photomultiplier tube (PMT) that was coupled to a Philips S-5632 voltage divider 
base. This detector was operated at -1750 V and the thin nature of the scintillator 
allowed for an energy deposition of no greater that 600 keV for each 0  ray striking 
the detector. This ensures that the timing response of the scintillator is essentially 
independent of the 0  energy for energies >  600 keV.
A BaF2 7 -ray detector made up the second half of the fast timing circuit. The 
detector was composed of a semiconical BaF2 crystal that was 1.3 cm thick and had 
a diameter of 2.5 cm at the base and 1.9 cm at the top. This crystal shape was 
chosen to minimize the jitter in the timing signal. It was covered by one thickness 
of white Teflon tape to reflect the light generated in the crystal back into the crystal 
and hence increase the light output to the PMT. The crystal was mounted on a 
Philips XP-2020Q PMT that was coupled to a Philips S-5632 voltage divider base. 
The PMT was operated at a bias of -2150 V and the voltage base was modified so 
that the timing signal was taken at the the ninth dynode and the energy signal at 
the tenth dynode as described in reference [57].
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The mounting of the plastic and BaF2 crystals to the PMTs was a critical pro­
cedure, as the quality of this mounting directly influenced the performance of the 
timing system. This was especially true for the BaF2 crystal, where the fast light 
component constitutes only 10% of the total light produced in the crystal. Firstly, 
the sides of both PMTs were covered with black tape to prevent light leaks directly 
into the sides of the tubes. The crystals were then mounted on their respective 
phototubes with a thin layer of VISCASIL 600000-centistokes optical grease. They 
were held in place by applying strips of black tape over the top of the crystals and, 
with pressure, securing the tape on the sides of the PMTs. This helped to produce 
a thin even layer of the optical grease between the crystal and the phototube, which 
improves the transmission of the fast light component to the PMTs. For the case 
of the /? detector, the plastic scintillator was not directly covered for fear of greatly 
attenuating low-energy /? rays with a thick layer of tape. Therefore, that portion 
of the detector was covered by a thin aluminum foil that helped prevent light leaks 
but at the same time would not significantly attenuate the low-energy /? particles.
To help simplify possible complicated decay sequences, a Ge detector was used to 
select the 7  cascade of interest. The timing of the Ge detector was incorporated into 
the lifetime system by demanding a slow coincidence overlap between an event in 
the Ge detector and a positive output from the fast timing part of the system. The 
use of the third detector in the timing system was necessitated by the poor energy 
resolution of the BaF2 detector; however, the resulting /?+ - 7  - 7  triple coincidence 
led to high selectivity and excellent timing resolution. To increase the counting 
statistics involved with a triple coincidence experiment, the f3+ - 7  - 7  lifetime system  
was operated with at least two Ge detectors in place around the sample position.
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Figure  3.17. Schem atic d iagram  of the  trip le  coincidence tim ing  circuit.
T he  coincidence electronics requ ired  for the  /?+ - 7  - 7  lifetim e system  described  
above are  shown in Fig. 3.17. T im ing  signals were taken  d irec tly  from  th e  dynode 
o u tp u ts  of th e  p lastic  and B aF 2 detecto rs, inverted  w ith  O R T E C  IC-100 inverters, 
and  used as th e  in p u t to  O R TEC  583 CFD s. T he o u tp u t of th e  C FD s was used 
to  trigger th e  s ta r t  (p lastic) and  stop  (B aF 2) inpu ts  of an O R T E C  467 T P H C , 
whose o u tp u t was converted  by an  O R TEC  AD-811 fast ADC to  genera te  th e  tim ing  
sp ec tru m  (TA C ). T he  o u tp u t signals from  the  CFD s were stre tch ed  to  a  50-ns w id th  
w ith  a  LeCroy 632B octa l d iscrim inato r, and an overlap coincidence was de te rm ined  
w ith  a  LeCroy 622 coincidence un it.
T he  tim ing  signals from  th e  pream plifier o u tp u t of the  Ge de tec to rs  were p ro ­
cessed first by O R T E C  454 TFA s before being used as in p u t signals for th e  C FD s. 
T h e  o u tp u t signal of each CFD  was stre tched  to  a  w id th  of 150 ns w ith  th e  LeCroy
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623B octa l d iscrim inato r. Since the  trip le  coincidence requires a tim ing  signal from  
only one of the  Ge de tec to rs , th e  s tre tched  signals from  the  octa l d isc rim ina to r were 
sen t th ro u g h  an O R  gate  of a  LeCroy 622 Logic un it a fter which an  overlap betw een 
one of th e  Ge tim ing  signals and  th e  o u tp u t of the  p las tic -B aF 2 AND ga te  was 
de te rm ined  w ith  a  LeCroy 365 Logic un it.
T his final logic un it de te rm ined  the  trip le  coincidence, and  th e  o u tp u t signal 
from  th is  u n it was used to  ga te  open the  energy AD Cs for each of th e  de tec to rs  
included  in th e  system  and  th e  tim ing  AD C. It was also used to  tem p o rarily  la tch  
closed th e  logic u n it and signal th e  event hand ler to  record th e  event. O nce th e  
event was recorded , the  logic u n it was reopened and  th e  process began again.
T h e  O R T E C  583 C FD s produce a  tim ing  signal whose charac te ris tics  depend 
on th e  am p litu d e  of th e  incom ing tim ing  signal. T he o u tp u t, therefore , will have 
a  ch arac te ris tic  “w alk” th a t  depends on th e  energy of th e  in p u t tim ing  signal. In 
o rder to  m inim ize th e  walk of th e  o u tp u t signal, th e  C FD s were ad ju sted  w ith  the  
20 - tu rn  walk ad ju s tm en t p o ten tio m ete r th a t  is available on th e  front panel of the  
O R T E C  583. T he  ad ju s tm en t was m ade w ith  a  pulse genera to r, whose o u tp u t signal 
was sp lit w ith  a 50 f l  sp litte r. O ne of th e  pulser signals was delayed w ith  several 
m eters  of cable and  fed in to  a  fast oscilloscope. T he  o ther pu lser signal was p laced 
th rough  a  variab le a tte n u a to r , allowing th e  am p litude  of th e  signal to  be m anually  
ad ju sted , and  used as the  in p u t to  one of th e  C FD s. T he  a tte n u a to r  was varied to  
achieve in p u t am p litu d e  values, ranging from  0.1 to  1.2 V, and  th e  tim ing  shift of the  
ga ted  C FD  o u tp u t was ad ju sted  so th a t  th e  walk in th e  o u tp u t signal was less th an  
200 ps over th e  en tire  range of in p u t am plitudes. This p rocedure was perform ed for 
each of th e  C FD s in th e  lifetim e system . For all of th e  C FD s, th e  lowest values for
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th e  in p u t am p litu d e  of the  pulser signal resu lted  in a very large tim ing  shift of the  
o u tp u t signal, which could no t be com pensated  for w ith  th e  walk po ten tio m ete r. 
To e lim ina te  th is  large tim ing  walk from  th e  system , th e  very low a m p litu d e  events 
were d isc rim ina ted  ou t of the  C FD s by se ttin g  a  lower th resho ld  lim it on th e  in p u t 
signal in to  th e  CFD .
P e r f o r m a n c e  o f  t h e  /3+ - 7  - 7  L i f e t im e  S y s te m . T he energy reso lu tion  of 
th e  B a F 2 d e tec to rs  (two are  now available for use a t U N ISO R ) was m easured  w ith  
s ta n d a rd  sources of 137Cs and 207Bi. T he best perform ances were m easured  as 9.5% 
a t 662 keV and 30% a t 77 keV.
T he  tim in g  perform ance of th e  B a F 2 d e tec to rs  was tes ted  by rep lacing  th e  p lastic  
d e tec to r by a  second B aF 2 d e tec to r and  using a s ta n d a rd  source of 60Co to  record 
sim ple 7  — 7  coincidences. A tim ing  spectrum  was genera ted  by ga ting  on the  
full energy peaks corresponding to  th e  p ro m p t 1173-keV and  1332-keV coincident 
tran s itio n s  in 60Co. W ith  th is  B aF 2 - B aF 2 coincidence system , we were able to  
achieve a  tim ing  reso lu tion  for th e  TAC peak of Ri300 ps FW H M . An exam ple of 
th e  tim in g  reso lu tion  of th is system  ga ted  on th e  full energy peaks from  th e  60Co 
s ta n d a rd  source is shown in Fig. 3.18. T he  characteris tics  of th e  o u tp u t tim in g  signal 
from  th e  B a F 2 de tec to rs are  b es t described  by th e  rise tim e  of th e  fast com ponent 
of th e  tim in g  signal and the  ra tio  of am plitudes betw een th e  fast and  slow tim ing  
com ponents. For th e  best tim ing  perform ance of th is  system , th e  rise tim e  of the  
fast tim ing  com ponent was always less th an  2.5 ns, and th e  ra tio  of fast-to-slow  
am p litu d es  was b e tte r  th an  6 :1 .
T he  tim ing  characteristics of th e  /? - 7  - 7  lifetim e system  were m easured  w ith  
a  source of 24Na, produced  by th e  neu tron  ac tivation  of a  sam ple of N a2C 0 3 . T he
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F igure  3.18. T im ing  spectrum  produced  for th e  B aF 2 - B aF 2 tim ing  system  w ith  a 
60Co source w ith  gates p laced on th e  full energy transitions a t 1173 and 1332 keV.
charac te ris tic  walk for th e  C F B  used in conjunction w ith  th e  B aF 2 d e tec to r was 
found by gating  th e  C om pton  events of th e  2754-keV 7  tran sitio n  de tec ted  in  th e  
B a F 2 c rysta l, which were coincident w ith  the  24Na /? rays and  full energy events th a t  
corresponded to  th e  1368-keV tran s itio n  counted in th e  Ge detec to r. T he  resu lting  
walk curve is shown in Fig. 3.19. T he system  has a  to ta l walk of only 83 ps for a  2- 
M eV range in  7  ray  energy. Fig. 3.20 shows th e  dependence of th e  tim ing  reso lu tion  
of th e  /? - 7  - 7  system  on th e  energy of th e  7  tran sitio n  de tec ted  by th e  B a F 2 
crystal. For 7 -ray energies above 2 M eV, th e  tim ing  resolution was observed to  be 
b e tte r  th an  200 ps FW H M . T he  use of a  th in  p lastic  sc in tilla to r for th e  de tec tion  
of the  /3 rays again m eans th a t ,  to  th e  first o rder, the  walk and tim ing  reso lu tion  
charac te ris tics  of th e  fast/slow  coincidence system  will be independen t of th e  /? ray 
energy.
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source.
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Following the  com pletion of the  perform ance tes ts , th e  f3+ - 7  - 7  lifetim e system  
was used to  m easure  the  lifetim es of low-spin levels in 118Xe, to  te s t th e  system  
before m aking  fu rth e r m odifications to  it. A rad ioactive beam  of U8Cs nuclei was 
produced  as a resu lt of the  heavy-ion reaction  betw een a  175-MeV 32S beam  provided 
by th e  tan d em  accelerator and a 92Mo targe t th a t  Was in teg ra ted  as a  window of 
an ion source. T he  recoil p roducts  were ionized and ex tra c te d  from  th e  ion source 
th en  accelerated  a t 50 kV th rough  the  m ass analyzing m agnet. T he  m ass-separated  
A =118 beam  was th en  deposited  in to  a p rogram m able m oving tape .
T h e  stepp ing  process of th e  m oving tap e  system  was controlled  w ith  an  LED and 
a  ligh t sensor. T he 6-m m  wide collection tap e  was designed w ith  3-m m  d iam ete r 
holes punched  th rough  the  tap e  a t intervals equal to  th e  d istance  betw een th e  poin t 
of collection and th e  center po in t of the  counting position. T h e  m ovem ent of th e  
ta p e  was in itia ted  by a  rem ote signal provided to  th e  tap e  contro ller by th e  d a ta  
acqu isition  com puter. T he tap e  would then  continue m oving u n til one of th e  hole 
positions passed betw een the  LED and th e  light sensor, a t which tim e  the  sensor 
would de tec t th e  light from  th e  LED and signal th e  contro ller to  stop m oving the  
tap e . T his m oving tap e  system  provided an ex trem ely  reliable source position  (vari­
a tion  of < 1  m m ), which is im p o rtan t in lifetim e m easurem ents since th e  speed of 
light is 0.3 m m /p s .
T h e  four de tec to r f3+ - 7  - 7  lifetim e system  was used a t th e  coun ting  s ta tio n  
to  m easure  th e  lifetim es for th e  levels fed in 118Xe by th e  /3 decay of 118Cs. T he 
de tec to rs  included one th in  p lastic  scin tilla to r and one B aF 2 d e tec to r, placed face- 
to-face in vertical positions 1.7 cm from  the  source position. T hese detec to rs were 
p laced ex te rnal to  th e  vacuum  cham ber th a t  housed th e  tap e  tra n sp o rt system , and
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F igure 3.21. Delayed and  p ro m p t TAC sp ec tra  for th e  m easu rem en t of th e  cen tro id  
shift for th e  — > 0* tran s itio n  in 118Xe.
a  th in  m ylar window was used to  m inim ize a tte n u a tio n  of the  /? partic les  en tering  
the  p las tic  de tec to r. Two Ge detec to rs were also configured in to  th e  system , and 
were p laced face-to-face in horizontal positions, a  d istance 4.7 cm  from  th e  source 
spot. F igure  3.21 shows th e  p ro m p t and delayed tim ing  sp ec tra  used to  e x tra c t th e  
lifetim e of th e  2 + level in 118Xe th a t  was de te rm ined  to  be 63(6) ps. H ere we have 
confirm ed th e  previously-m easured lifetim e value of 65(3) ps for th is  level, which was 
m ade w ith  th e  Recoil-D istance D oppler Shift (RD D S) m ethod[58]. T he  p roduction  
of th e  rad ioactive  sam ples and analysis of th e  118Xe d a ta , which was com pleted  
using th e  centro id  shift m eth o d , along w ith  lifetim e m easu rem en ts m ade  for levels 
in 120Xe are  discussed in m ore de ta il elsewhere[59].
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M odification  o f th e f3+ - 7  - 7  S ystem  to  Include Levels D ep op u lated  
S olely  by Internal C onversion. In the  instances when a  nuclear level is depopu ­
la te d  solely by a highly converted  tran sitio n  (e.g., an electric  m onopole tra n s itio n ) , 
th e  life tim e system  as described  above would be unsu itab le . T he tra n s itio n  will 
p roceed  m ain ly  no t by 7  decay b u t by th e  em ission of a  conversion e lectron  and  an 
a tom ic  x-ray, th e  la tte r  a resu lt of th e  repopula tion  of th e  a tom ic  o rb ita ls  w ith  its 
energy  being a  charac te ris tic  of the  a tom ic num ber. We have m odified th e  above
- 7  '  7  tim ing  system  to  enable  th e  m easurem ent of nuclear levels th a t  decay 
solely by electric  m onopole tran sitio n  by including a  Si(Li) e lectron  d e tec to r in  th e  
system  design.
T he  system  tim ing  could be achieved betw een th e  /? p a rtic le  th a t  p opu la tes  th e  
level and  th e  conversion e lectron  detec ted  in th e  Si(Li) crystal; however, th e  tim ing  
response of th e  Si(Li) d e tec to r is very poor and hence a tim ing  m easu rem en t below 
th e  nanosecond range is very difficult if no t im possible to  m ake. T herefore, we 
decided to  take  advan tage of th e  x-rays e m itte d  along w ith  th e  conversion e lectrons 
to  e x tra c t th e  lifetim e in form ation  of these special nuclear levels. T he  life tim e was 
d e te rm in ed  from  th e  fast coincidence betw een th e  /? partic le  and  th e  ch arac te ris tic  
conversion x-rays detec ted  in th e  B aF 2 d e tec to r. T he Si(Li) de tec to r was th e n  used 
to  select a  g a te  on th e  conversion electron in a  slow coincidence m ode in o rder to  
re ject th e  x-rays th a t  did not correspond to  th e  p a rticu la r conversion e lec tron  of 
in te rest. T hus a trip le  /3+ - x - e~ coincidence was achieved betw een /? partic les, 
x-rays and electrons, as shown in Fig. 3.22. T he sketch of th e  se tup  of th e  de tec to rs  
can be seen in Fig. 3.23.
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F igure  3.22. Schem atic of the  picosecond tim in g  techn ique developed for cases th a t  
involve pu re  EO transitions. T he  trip le  coincidence is achieved betw een th e  positron  
(e+ ) feeding the  level under study , the  EO conversion electron  (e~) resu lting  from  th e  
decay of th e  level, and  the  x-ray  th a t  resu lts  from  th e  in te rn a l conversion process. 
T he  fast tim ing  coincidence is achieved betw een th e  positron  de tec ted  by th e  p las tic  
sc in tilla to r and th e  x-ray detec ted  by th e  B a F 2 sc in tilla to r. T he d e tec tion  of th e  
specific conversion electron by a high reso lu tion  Si(Li) system  was used, v ia  th e  
trip le  coincidence requ irem en t, to  select th e  decay sequence of in te rest.
T his techn ique was used in  the  m easurem ent of lifetim es of nuclear levels in 
186Hg. A rad ioactive  beam  of 186T1 was produced  a t the  UNIS O R  facility  from  the  
heavy-ion reac tion  of 200-MeV 12C and a  Ta ta rg e t. T he  m ass separa ted  beam  was 
deposited  in to  th e  m oving tap e , which delivered th e  collected source to  the  counting 
position . For th e  f3+ - x - e~ m easurem ents, th e  counting s ta tio n  was configured 
as described  above for th e  - 7  - 7  system  w ith  th e  only exception being th e  
rep lacem en t of one of the  Ge detec to rs w ith  a Si(Li) electron  detec to r. T h e  Si(Li) 
de tec to r used had  an active surface a rea  of 200  m m 2 and  a  depletion  d ep th  of 3 m m . 
I t was p laced in  the  vacuum  system  a t a  d istance of 1.2 cm from  th e  source position  
on th e  tap e  th a t  was tw isted  to  a  15-degree angle to  allow clear view ing of th e  source 
position  by b o th  the  Si(Li) e lectron  d e tec to r and  the  p lastic  /? de tec to r. A m ylar 
window was also in p lace betw een the  source position  and th e  B a F 2 c rysta l for th is 
configuration to  reduce the  a tte n u a tio n  of th e  Hg x-rays.
To ensure  th a t  th e  low-energy x-rays from  th e  conversion of tran sitio n s  in the  
decay of levels in 186Hg would be  processed in th e  lifetim e system , th e  lower level 
th resho ld  of th e  C FD  for th e  B a F 2 d e tec to r was set w ith  a  s tan d a rd  source of 
241 A m , which has a  strong, low-energy tran sitio n  a t 60 keV. As no ted  earlier, the  
C F D  was w alk-adjusted  to  allow for a m axim um  of a  200-ps walk in th e  o u tp u t 
tim in g  signal of th e  C FD  over a  wide range of in p u t am plitudes. An exam ple  of 
a  B a F 2 coincidence spectrum , including th e  x-ray region, is shown in F ig .3.24. An 
exam ple  of th e  tim ing  resolution achievable w ith the  (5 - x fast tim ing  is shown in 
Fig. 3.25 for a  full energy g a te  w ith  background sub trac tion  on th e  Hg K a x-rays 
and  a  ga te  on th e  K -conversion electron  line for th e  2 J  — ► 2* tran sitio n  in 186Hg. 
C are  was taken  when correcting  for background events associated  w ith  th e  Hg K Q
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F igure  3.23. Setup  of the  de tec to rs  used to  m easure lifetim es. T he  vertically  placed 
p las tic  and B a F 2 detecto rs were used to  ex trac t th e  tim ing  in form ation , whereas the  
horizontally  p laced Ge and  Si(L i) detecto rs were used for energy selection. O n the  
b o tto m -le ft side of the  figure, th e  tape  used for tran sp o rtin g  th e  rad ioactive source 
to  th e  d e tec ting  sta tions, can be seen.
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F igure  3.24. Coincidence spectrum  of 186Hg source collected w ith  one of th e  B a F 2 
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F igure  3.25. A TAG spectrum  resu lting  from  the  m easurem ent of th e  - x - e ' 
coincidences for th e  2 /  — >■ 2j" tran sition  in 186Hg.
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x-ray events since it is likely (see Fig. 3.24) that the background in this region would 
not be flat due to roll-off effects in the CFDs. The FWHM of the TAC spectrum is 
larger than that observed for the /3 - 7  fast coincidences due to poorer response of 
the BaF2 CFD to the low energy x-rays.
Using this f3+ - x - e~ technique and the centroid shift analysis method, we were 
able to measure the lifetimes for the 0^ which decays solely by EO transition and 
2% which decays mainly by the transition that has a strong EO component, in 186Hg 
[60, 61],
One advantage to this /3+ - x  - e~ technique is that the timing is obtained 
from coincidences between (3 particles and x-rays and there is no dependence on 
transition energy. The use of the K-electron gates are only to pick out the x-rays 
that are required but do not contribute to any timing information. Therefore, a 
nuclear level in the decay scheme with a known or determinable (via (3 - 7  - 7  
coincidences) lifetime may act as an internal calibration for the measurement of the 
centroid shifts for the f3+ - x - e~  TAC spectra. This method was used in the analysis 
of the 186Hg lifetime data, which will be discussed in the subsequent sections of this 
chapter.
M odification of th e /3+ -  7 - 7  S ystem  to  Include Levels Populated  
P red om in ately  by E lectron Capture. When nuclear levels are populated pre­
dominantly by the electron capture process, then the /3+ - 7  - 7  fast/slow coincidence 
technique cannot be used to measure lifetimes, as there would be no start trigger 
for the fast TAC. It is important to note that the electron capture process results in 
the emission of x-rays whose origin is in the repopulation of the atomic orbitals and 
whose energy depends on the origin of the captured electron and the atomic number.
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The characteristic lifetime for emission of these atomic x-rays is short enough to be 
considered prompt in the time scale of these measurements, so that their timing will 
depend only on the original nuclear delay. Therefore, in order to measure lifetimes 
for nuclear levels populated primarily by the electron capture process, we have made 
an additional modification to the f3+ - 7  - 7  system described above. With the re­
placement of the thin plastic f3 detector with a second BaF2 detector identical to the 
one described earlier, the characteristic x-rays from the electron capture process can 
be used to trigger the start signal of the fast timing circuit. The timing spectra are 
then generated by fast coincidences measured between x-rays in one BaF2 detector 
and 7  rays in a second BaF2 detector.
The CFD associated with the BaF2 detector used for the detection of x-rays 
was operated to discriminate against all high energy events; that is, both lower and 
upper level thresholds were set so that the full energy acceptance of the timing 
system was between 40 keV and 120 keV. Again, the lower level threshold limit is 
determined by the sudden onset of large walk deviations in the CFD output. This 
energy window allowed the selection of x-ray and background events for the electron 
capture decay from elements having Z >  64.
The x - 7  - 7  system was used to measure the lifetime of the 2* level in 188Hg, 
where the decay of 188T1 proceeds mainly by electron capture, necessitating the use 
of the x - 7  fast coincidences. This lifetime system was arranged at the UNISOR  
counting station identically to the previously described system with the replacement 
of the plastic /3 detector by a second BaF2 detector. Samples again were produced 
as heavy-ion reaction recoil products and deposited into the moving tape. Fig. 3.26 
shows the delayed TAC spectrum for the x - 7  fast coincidences produced by gating
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Figure 3.26. Delayed TAC spectrum for the measurement of the centroid shift for 
the 2 f  —» 0* transition in 188Hg produced with x - 7  fast coincidences.
on the Hg Ka x-rays in one BaF2 detector and the 413-keV 2 f  — ► Of 7 -ray tran­
sition in the second BaF2 detector. Again, the FWHM for the x - 7  TAC spectrum  
is larger than that observed for the /? - 7  fast coincidences due to poorer response 
of the BaF2 CFD to the low-energy x-ray events.
O f course, the x - 7  - 7  lifetime system just described has the same limitation 
discussed for the /? - 7  - 7  lifetime system: the reliance on a cascade of 7 -ray
transitions for the determination of a level lifetime. For levels that decay solely 
by EO transitions, reversal of this limitation on the x - 7  - 7  system was readily 
achieved by applying the technique for detecting the x-rays and electrons resulting 
from the internal conversion process discussed in the previous section. The resulting 
x - x - e~  fast/slow timing system therefore allows the measurement for those states
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popu la ted  p redom inate ly  by electron cap tu re  and depopu la ted  by tran sitio n s  having 
a  high p robab ility  of in ternal conversion, e.g. transitions w ith  EO m ultipo larity .
O ne difficulty w ith  such a  m easurem ent, however, is th a t  the  energy of th e  x-rays 
th a t  o rig inate  from  the  in te rn a l K-conversion process and the  energy of th e  x-rays 
th a t  o rig inate  from  the  K -electron cap tu re  process are identical and ind istingu ishab le  
in th e  energy spectrum  of the  B a F 2 de tec to r. This results in an am bigu ity  betw een 
th e  signals th a t  s ta r t  and stop th e  T P H C , which generates th e  fast TAC spectrum .
Should th e  level under consideration no t be p rom p t, th en  th e  resu ltan t TAC 
peak  would be sh ifted  from  th e  p rom p t centroid position dependen t on th e  following 
scenarios. If an  x-ray from  the  electron cap tu re  process triggers th e  s ta r t  signal of 
th e  T P H C , th en  th e  centroid  of th e  delayed TAC sp ec tru m  would be sh ifted  to  
a  h igher channel num ber above the  p rom p t centroid position  and th e  shift would 
rep resen t th e  lifetim e r ;  however, if an x-ray from  th e  conversion process triggers the  
s ta r t  signal, th en  th e  centro id  of the  delayed TAC spectrum  would be sh ifted  to  a 
channel num ber below th a t  of th e  p rom p t centroid  position  and again th e  shift would 
be rep resen ta tive  of r .  As these two events m ust occur w ith  th e  sam e probab ility , 
th e  resu lting  TAC spectrum  will be th e  sum  of the  two TAC sp ec tra  peaks th a t  are 
sh ifted  in opposite  d irections and  by equal am ount (r )  from  th e  p ro m p t cen tro id  
position , as shown in Fig. 3.27.
If ^prompt is th e  root-m ean-square  (rm s) deviation of th e  ind iv idual d istr ib u tio n  
of a  p ro m p t TAC and  if Odeiay is th e  rm s deviation of th e  sum  of th e  tw o delayed 
TA C peaks, th en  th e  two indiv idual TAC peaks are separa ted  by an am oun t 2 r
^ d e l a y  =  ^ p r o m p t  +  2 t *  (3 -1)
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F igure  3.27. Sum  peak  of two exponentially-skew ed G aussians separa ted  by 2 r  (xi =  
conversion x-ray; x 2 =  cap tu re  x-ray).
T h is can be derived from  the  basic definitions of a  for th e  exponen tial d istr ib u tio n  
involved. T hese derivations can be seen in A ppendix C. H ere it can be safely assum ed 
th a t  th e  s ta tis tica l characteristics of the  ind iv idual TAC peaks are alike.
In low counting  ra te  experim ents th e  rm s-deviation  e x trac ted  for a  given TAC 
peak  depends very sensitively on the  form  of th e  accidental tim e  d is tr ib u tio n  u n ­
derly ing th a t  peak. Since th is , in itself, m ay be com posed of only a  few counts 
random ly  d is tr ib u ted  over the  en tire  tim ing  spectrum , d e te rm in a tio n  of th e  average 
acciden ta l ra te  per channel is also difficult. To obv iate  th is p roblem  th e  following 
techn ique  was em ployed.
For low counting ra tes  we can safely assum e th a t  th e  accidental d is tr ib u tio n  is 
flat and  th a t  therefore th e  rm s dev ia tion  cra of any random ly  chosen tim e  acciden ta l 
region will depend  only on th e  w id th  of th a t  region and  thus  can be easily d e te r­
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m ined. If th is  region also contains a  definite TAC peak, then  th e  m easured  to ta l 
rm s deviation  a t will be given by th e  com bination of th e  independen t peak  (a p) and 
acciden ta l (<7a) d istribu tions
+ ( « £ * ) *  (3 '2)
w here N p and N a are th e  num ber of counts in th e  ind iv idual peak  and  acciden tal 
d istribu tions. If th e  region is chosen sym m etrically  abou t the  peak centro id  and 
providing it is wide enough to  encom pass th e  whole peak , th en  th e  factors N p and 
<7p in  th e  above expression for the  to ta l rm s-deviation  will be independen t of the  
w id th  of th e  chosen region. Now, if N t is the  to ta l counts in the  chosen region, 
equa tion  3.2 can be rew ritten  as,
1/2
(T n —
' N t _  2  (  N a \
. n p . . 1 a \ N t ) .
(3.3)
w here th e  only unknow n q u a n tity  on the  righ t hand  side of equa tion  3.3, which 
varies w ith  th e  w id th  of th e  chosen region, is N a, th e  num ber of acciden ta l counts 
in th e  chosen region. For th e  assum ed flat d is tribu tion  th is is sim ply given by
N a =  n aW  (3.4)
w here n a is th e  average accidental count per channel and W  is th e  w id th  of th e  
region in channels. T hus, a  p lo t of the  righ t-hand  side of th e  equa tion  3.3 vs W  
for a  correct choice of n a should be flat a t a constan t value of a p. T he  value of 
n a which produces the  desired behavior for a  range of app rop ria te ly  chosen regions 
is th en  th e  best e s tim a te  for th e  accidental ra te  per channel and  th e  value of ap 
can be read  off directly . T his can be seen in Fig. 3.28 where th e  effect of over-
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F igure  3.28. I llu s tra tio n  of th e  techniques used to  e s tim a te  acciden ta l con tribu tions  
to  th e  TAC spectra . T he  effect of overestim ation  (curve a) and  u n d erestim atio n  
(curve c) can be seen as a  region w id th  dependence of th e  ex tra c te d  sigm a. T h e  cor­
rec t e s tim a tio n  resu lts  in a  flat curve (curve b). All th ree  curves ind ica te  increasing  
value of a  in th e  in itia l stage since th is  region does no t overlap th e  full TA C peak.
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estim a tio n  or underestim ation  of th e  background can be seen re la tive  to  correct 
choice of background. T he ind iv idual s ta tis tica l error on crp should be taken  and 
no t an average over the  different regions.
These techniques were applied  in determ in ing  th e  lifetim es of th e  2^ and 0^ levels 
in  188Hg [60, 61], which are popu la ted  by th e  electron  cap tu re  process and  depopu la te  
p redom inan tly  by th e  in te rnal conversion process. O ne advantageous charac te ris tic  
of th is  x - x - e~ techn ique is th a t , since th e  x-ray  energies are  iden tica l regardless 
of th e  nuclear level under study, there  are no walk effects due to  different tran s itio n  
energies. T hus any broadening  of a TAC peak above th a t  observed for p rom p t 
tran sitio n s  can only be due to  nuclear level lifetim es. A know n p ro m p t tran s itio n  
can provide inform ation  on th e  shape of th e  p rom p t TAC spectrum . T h is techn ique 
was used in th e  analysis of 188Hg d a ta , which will be discussed in th e  subsequent 
sections of th is  chap ter.
3.3 .2  D ata  and R esu lts
Half-life lim its of <180 ps for th e  Oj level in 188Hg and  <200 ps in 186Hg have 
been repo rted  [37], and ano ther m easurem ent[19] yielded a  half-life of 0.9 ±  0.3 ns 
for th e  Oj- level in 184Hg. These Hg isotopes p resen ted  a  un ique  challenge to  the  
m easu rem en t of 0 ^ half-lives, which are believed to  be in th e  picosecond range since 
th e  com plexity  of th e  decay dem ands a trip le  coincidence and  th e  only depopu la ting  
tra n s itio n  from  th e  0^ level is E0 in ternal conversion. Sim plified decay schem es th a t 
show th e  relevant p a rts  of the  ground (spherical, /? «  0 .1 ) and  excited  (deform ed, 
/? ~  0.25) bands are shown in Fig. 3.29. T he deform ation  p a ram ete rs  are ob ta ined  
from  reference [62].
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Figure  3.29. P a rtia l schem e of the  decay of a) 186T1 and  b) 188T1. Shown are the  
first few levels of th e  spherical ground s ta te  band , th e  excited  deform ed ban d , and 
th e  connecting  tran sitions  relevant to  th e  p resent discussion. T he  decay schem es 
are  taken  from  reference [63, 64],
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T hese new system s, described in the  previous section, were used to  de te rm ine  
th e  lifetim es of the  0^ and 2% levels in 186>188Hg. S ta tis tica l procedures were used 
to  ob ta in  th e  life tim e values from  the  low sta tis tic s  TAC spectra.
To m easure  th e  lifetim es of levels in 186Hg and 188Hg, 186T1 and  188T1 nuclei 
were produced  as recoils from  the  reaction  of 181-MeV 160  on 181Ta. For 186Hg, 
which is p o p u la ted  by /3+/ E C  decay from  28-s 186T1, four detecto rs were used in the  
collection of tr ip le  coincidences w ith a  fast-slow tim ing  system . A p lastic  sc in tilla to r 
(NE-111A) 0.3 cm  th ick  and 1.3 cm in d iam eter m ounted  on a Ph ilips XP2020 
p h o tom u ltip lie r, a  B aF 2 c rysta l m ounted  on a  Philips XP2020Q pho tom u ltip lie r, a 
Ge 7 -ray d e tec to r and a  Si(Li) e~ de tec to r, (w ith  the  last two having FW H M  ~  2 
keV a t 1 MeV) were used to  select the  energy inform ation  via a  slow tim ing  c ircu it.
For m easuring  th e  0^ half-life in 186Hg, fast tim ing  was achieved by de tec ting  th e  
coincidences betw een /3+ particles and th e  x-rays, following th e  in te rnal conversion 
process as shown in Fig. 3.22. Individual EO events were selected in th e  slow tim ing  
c ircu it by gating  on th e  in te rnal conversion line de tec ted  in th e  Si(L i), which has 
excellent energy resolution. It is the  (/?+ —x) — e~ trip le  coincidence, w here th e  
no ta tio n  (/?+ —x) — e~ m eans th e  f3+ and x-rays co n stitu te  th e  fast tim e  com ponent 
in th e  trip le  coincidence, th a t th en  enables one to  de te rm ine  th e  half-life of th e  0 ]!" 
s ta te .
T he half-life for the  Oj level in 188Hg was m easured  w ith  th e  trip le  coincidence 
(x —x) — e“ , w here th e  first x-rays arise from  electron cap tu re  and  th e  second from  
th e  in te rnal conversion process. T he level lifetim e was de te rm ined  from  th e  increase 
in the  w id th  of th e  com posite spectrum  rela tive to  th a t  of a  p ro m p t decay. T his 
process has been described in detail in section 3.3.1.
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F igure  3.30. Schem atic of the  se tup  used to  te s t the  system  and  analysis techniques 
using 186Hg w here th e  2 f  and 4* half-lives are known from  DSAM  m easurem en ts 
[64]. T he  m ethod  and the  resu lts  are described in the  tex t.
To show th a t  the  known values of half-lives in 186Hg could be observed by the  
tim in g  system , reverse gating  was done on th e  186Hg 403-keV and  th e  405-keV 
transitions; th a t  is, f3+ — 7  — 7  gating  was used where, in one case, th e  403-keV 
tra n s itio n  was selected in  the  B a F 2 d e tec to r and th e  405-keV tran s itio n  in th e  Ge 
de tec to r and in the  o ther case the  405-keV tran s itio n  was selected in th e  B a F 2 
d e tec to r and  th e  403-keV utilized  in the  slow gate, as shown in Fig. 3.30. T he  
difference in centro ids m easured  w ith th e  form ula for th e  first m om ent resu lted  in 
a half-life of 20 ±  25 ps for the  2+ level th a t  agrees w ith  th e  half-life of 18 ±  3 ps 
o b ta in ed  by DSAM  [64].
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F igure  3.31. TAC sp ec tra  used to  de term ine  th e  half-lives of th e  Of and  2 f  levels 
in 186Hg. Shown are  spectra  for th e  215-keV (2 f  —► 2 f )  and  523-keV (Of —►Of) 
tran sitio n s . These are  com pared  to  th e  com bined TACs th a t  resu lt from  th e  405-keV 
( 2 f  —► Of) ,  403-keV ( 4 f  —*• 2 f ) ,  and 356-keV ( 6 f  —► 4 f )  tran sitio n s , which involve 
levels of known lifetim es. T he tim e  dispersion is 13.2 p s/channel.
T he centroids of th e  TAC signals from  trip le  coincidences of (/3+ — x )  — e~ for th e  
523-keV (Of —> Of)  and 215-keV (2f  —> 2f )  tran sitions in 186Hg were com pared  to  
th e  centroids of th e  TACs from  transitions  of known lifetim es as shown in Fig. 3.31. 
T h is  com parison, using th e  centro id  shift m ethod , yields th e  half-life value for th e  O2 
level of < 52  ps (ca lcu la ted  a t 90% confidence). See A ppendix  D for th e  calcu lations 
and  a  value of 48 ±  27 ps for th e  2^ level[65]. T he u ngated  tim ing  reso lu tion  for 
(f3+ —x ) —e~ was 1.19 ns, m easured  a t full w id th  a t half m ax im um  .
In o rder to  de te rm ine  th e  lifetim e for a delayed level, th e  tim e  d is tr ib u tio n  of 
a  p ro m p t tran s itio n  is needed. For th e  m easurem ent of th e  0^ and  2^ level half- 
lives in 188Hg, th e  413-keV ( 2 f  —> Of) tran sitio n  was expected  to  be nearly  p ro m p t
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F igure  3.32. TAC sp ec tra  used to  de te rm ine  th e  half-life of th e  2* level in 188Hg. T he 
m eth o d  and  resu lts  are  described in th e  te x t. T he tim e  dispersion is 13.2 p s/ch an n e l.
b u t its  ac tu a l value was unknow n. In  o rder to  de term ine  th e  2* level lifetim e, 
doubles gating  was done betw een th e  x-rays and  th e  413-keV tran s itio n  in  th e  B a F 2 
d etec to r. Also, two background gates were selected around th e  413-keV tran s itio n . 
T h e  TACs from  these tran sitions , as shown in Fig. 3.32, were com pared  for centro id  
shifts. T his yielded a  half-life of 8 ±  3 ps, for th e  413-keV 2* level. T he  (x  — x)  — e~ 
TAC w idths for th e  413-keV —> 0]1"), 825-keV (02 —> Oj") and 468-keV {2% —■►
2 f ) tran sitio n s  in 188Hg were th en  com pared  in order to  ex tra c t th e  half-lives of 
th e  Oj and  2 j  levels. T he  com parison for th e  825-keV tran s itio n  w ith  th e  413- 
keV tran s itio n  is shown in Fig. 3.33. By com paring the  w idths o b ta ined  from  th e  
s ta tis tic a l tre a tm e n t and using equa tion  3.1, half-life values ob tained  were 204± 45  ps 
for th e  Oj level and 141 ±  31 ps for the  22 level. T he ungated  tim ing  resolution
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F igure  3.33. TAC sp ec tra  used to  determ ine  th e  half-life of th e  0^ level in  188Hg. 
Shown is th e  sp ec tru m  for th e  825-keV (Oj —> 0^ ) tran sitio n . T h e  w id th  of th e  
d is tr ib u tio n  is com pared  to  th a t  of the  spectrum  for th e  413-keV (2* —> 0*) t ra n ­
sition  th a t  involves th e  m easurem ent of the  2+ half-life discussed in  th e  tex t. T he  
2^ level half-life in 188Hg is de te rm ined  in a  sim ilar way from  th e  TAC d is tr ib u ­
tio n  o b ta ined  by using th e  468-keV (22 —> 2+) tran sitio n . T he  tim e  dispersion  is 
105.6 p s /ch an n e l.
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achieved for th e  (x —x) — e~ correlation was 1.58 ns, m easured  a t full w id th  a t half 
m axim um .
For 188Hg, it  is difficult to  de te rm ine  th e  Of —> 2 f  branching because th is  tra n s i­
tion  energy (411-keV) is nearly  identical to  th a t  of th e  in tense 2* —> 0* tran sition . 
By using a  sum -peak analysis, it was determ ined  th a t  th e  411-keV, Of —> 2+ E2 
branch  is < 42% . In 186Hg th e  Of —> 2 f  branch  was equally  difficult to  m easure  b u t 
de te rm ined  to  be <  28%. Since bo th  of th e  Of —> Of branches could ac tua lly  be 
100%, th e  EO p artia l half-lives are expressed as 204f45? ps in 188Hg and  <  72 ps in 
186Hg. Hence th e  p2(E0) x 103 values for 188Hg and 186Hg were calcu lated  w ith  the  
m eth o d  of K antele [66 ] to  be 7 .7^ 3;! an<  ^ ^  32, respectively. T he m ixing of th e  two 
0+ s ta tes  in 186Hg was 4.7% and  1.1% in 188Hg. These m ixing values were ob tained  
by th e  solving the  equation  2.17, w here p2 value is de term ined  from  th e  lifetim es. 
T he  m easured  results and  the  values com puted  from  these results are sum m arized  
in Tables 3.3, 3.4 and 3.5.
Large EO s tren g th  is an ind ica tion  of strong  m ixing betw een nuclear s ta tes  w ith 
different radii. T he resu lts de te rm ined  here for p2(E0) in 188Hg and 186Hg are  consis­
te n t [11, 36] w ith  the  coexistence of shapes bu ilt on a  p ro ton  two-hole configuration 
(near spherical) and a p ro ton  tw o-particle , four-hole configuration (deform ed). T he 
experim en tal p2(E0) values are inconsistent w ith  th e  theore tical values of Barfield 
et. al., [67] ob tained  using th e  In te rac ting  Boson M odel (IB M ). T he  m ixing be­
tw een the  configurations is clearly apparen t in Fig. 1.4 where th e  2 f  s ta te  is pushed 
down and the  4 f  s ta te  is pushed up by th e  in terac tion . T he factor of « 4  increase 
in th e  p2(E0)  betw een 188Hg and 186Hg provides a  q u an tita tiv e  m easure  of th e  en ­
hancem en t of th e  m ixing betw een the  configurations as the ir energy separa tion  is
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Table 3.3. Half-lives, p2(E0), m ix ing  m a tr ix  e lem ents, and  h indrance  factors for th e  
Of levels in  186Hg and  188Hg.
Nucleus E(0+)
keV
-^1/2 (o f) j  
ps
EO
b ranch
71(l/2)(E0),
ps
p2{E 0 )a 
x 103
V0,
keV
H indrance
fac to r6
188Hg 825 204 ±  45 > 5 8 % 204±H7 7-7 ± |;i 86 ±1J 1.99
186Hg 523 < 5 2 > 7 2 % < 7 2 > 3 2 > 1 1 1 < 0 .4 8
“ C a l c u l a t e d  u s i n g  t h e  m e t h o d  o f  K a n t e l e  [ 6 6 ] .
^ U s i n g  p2spu x  1 0 3  =  1 5 . 3 .  S e e  r e f e r e n c e  [ 3 6 ] .
Table 3.4. Half-lives for th e  2 f  level
186Hg and 188Hg.
Nucleus E(22+ ) ^ 1/ 2(2 +)
keV ps
188Hg 881 141 ± 3 1
186Hg 620 48 ± 2 7
decreased by 301 keV. Based on these  p2(EO) values, th e  m ixing m atr ix  elem ent Vo, 
ca lcu la ted  w ith  th e  form alism  of reference [68 ], are  86^20  keV for th e  Of level in 
188Hg and  > 111  keV for th e  Of level in 186Hg.
3.4 N uclear Structure and Shape C oexistance
3.4.1 E xperim ental S etu p  and A nalysis
D a ta  from  th e  experim en ts described  in section 3.2.1, besides being used in the  
a tte m p t to  locate  th e  superdeform ed bands, were also used to  search for th e  2p-4h
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Table 3.5. Level energies before and after mixing.
Nuclei Ground band Excited band mixing
before after before after
mixing
keV
mixing
keV
mixing
keV
mixing
keV %
186Hg 24.6 0 . 0 498.4 522.7 4.7
188Hg 9.1 0 . 0 815.9 824.5 1 . 1
intruder band in 190Hg and 192Hg , as has been seen in 186Hg and 188Hg . Unlike 
the analysis technique used in the search for superdeformed bands, here, all possible 
correlations available between the six detectors were used, along with the singles 
spectra.
The 7  — 7  correlations were used to obtain the coincidence information between 
various 7 -transitions, and the 7  — e~ correlations were used to obtain coincidence in­
formation of transitions that had large conversion coefficients that arise from electric 
monopole components in those transitions and to determine otj< for other transitions. 
The e~  — e~ correlations were used in extremely rare cases where the transitions in­
volved had very weak 7 -ray intensities. Once the correlations had been established, 
the singles spectra of the 7 - rays were used to determine the relative intensities of the 
transitions. After calculating the conversion coefficients from the singles and coinci­
dence spectra (the details of the calculations will be discussed in the next section), 
the total relative intensities were calculated. Hardware and software tools used in 
this analysis are described in section 3.1. The results of the individual experiments 
for 192Hg and 190Hg are discussed below.
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3.4 .2  192H g D ata  and R esults
L e v e l s c h e m e  o f  192H g  . T he proposed level schem e for 192Hg is shown 
in Figs. 3.34, 3.35 and  3.36. Several new levels th a t  were previously  unknow n, 
have been observed. These new levels were m ain ly  observed v ia  th e  coincidence 
rela tionsh ips betw een th e  Ge and Si(Li) de tectors. T his coincidence in form ation  
betw een the  tran sitions can be seen in Table 3.6. Some of th e  po in ts of th e  level 
schem e of 192T1 need a  m ore detailed  exp lanation . T he following pa rag raphs deal 
w ith  such tran sitions.
T he 209.9 keV tran sitio n  was too weak to  set a ga te  on, b u t since it  was observed 
in coincidence when a  gate  was set on 133.1 keV tran s itio n , the  form er was p laced 
by sum m ing  effect, w here th e  209.9 keV tran s itio n  was placed betw een tw o levels 
whose difference was 210.0 keV and the  lower of th e  two th en  decayed by 133.1 keV 
transition .
T he  strong  E0 tran sitio n , 1321.0 keV was not seen in coincidence w ith  th e  422.7 
keV tran s itio n  b u t was seen in th e  singles d a ta  and  hence was p laced as th e  tra n s i­
tion  from  0 j  to  0 j \  T he e~ and  the  7  spectrum  corresponding to  th is  tra n s itio n  can 
be seen in Fig. 3.37. A t the  sam e tim e  in the  absence of any o th er 7  tra n s itio n  in 
coincidence w ith  1321.0 keV, it  was not possible to  place 898.3 keV tra n s itio n , the  
difference betw een the  1321 keV (O j) level and th e  422.7 keV (2j") level. T h is t r a n ­
sition  was not seen in coincidence w ith 422.7 keV tran sitio n  either. T he  coincidence 
e lectron  spectrum , gated  on the  electron line of th e  1321 keV tran sitio n s  can be seen 
in Fig. 3.38. T he only tran sitio n  in coincidence w ith the  1321 keV E0 tran s itio n  
was 408 K line th a t  corresponds to  the  493 keV transition . It was not possible to
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F igure  3.37. T he e~ and  7  spectrum , of 192Hg transitions  th a t  were used to  th e  
identify  th e  1321-keV EO transition . T he  energy values given a t th e  top  of th e  7  
spectrum  differ from  th e  e~ spectrum  energy values, given a t th e  b o tto m  of th e  e~ 
sp ec tru m , by th e  K-shell b inding  energy (83 keV). T he  d o tted  line “connects” th e  
peak  in  th e  7  spectrum  to  th e  corresponding peak  in th e  e~ spectrum . T he  four 
o th e r tran sitio n s  (1326 keV - M l; 1344 keV - E2; 1366 keV - E 2+ M 1; and  1375 
keV - E 2+ M 1) are  shown to  com pare the  in tensities in th e  7 -ray sp ec tru m  and  th e ir  
corresponding  electron  lines.
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F igure  3.38. E lectron  spectrum  gated  on th e  K line of th e  1321 keV EO tran s itio n  
(0+ - > 0 +) in 192H g . T he  negative counts arising from  background su b trac tio n  are 
difficult to  deal w ith  in th e  peak-fit analysis. To avoid negative values 100 counts 
were added  to  every channel.
iden tify  th e  493 keV tran s itio n  in  any of the  7 -ray  sp ec tra  due to  low sta tis tic s , and 
in  th e  e~ sp ec tra  it was no t possible to  pull a  ga te  on th e  408 keV tran s itio n  as th a t  
also happens to  be th e  L line for the  423 keV (2* —> Of) tran sition . Hence, it was 
no t possible to  get any add itional in form ation  on the  possible band  which would be 
b u ilt on th is band  head. It was no t possible to  ob ta in  any add itiona l in fo rm ation  
on th e  119 keV electron  tran s itio n  due to very low in tensity .
In  o rder to  m easure  the  in tensity  of th e  th e  1113.1 keV tran sitio n  (which is a 
d o u b le t), a  ra tio  of th e  in tensities of th e  690.7 and the  1113.1 keV tran sitio n s  was 
taken  in  th e  gate  of th e  619.5 keV transition , and th e  sam e ra tio  was applied  in  the  
singles case to  get the  re la tive  in tensity  of the  tran sition  from  th e  1113.1 keV to  the  
ground sta te .
: x - r a y
<o-119 keV
408 keV
j J L j  1 1 1 1 1___ 1— 1__ 1 1 1 1 1 l 1 I I I I 1 1 1 1 1. 1 1 1 1
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Table 3.6. Coincidence in form ation  of tran s itio n s  in 192Hg.
G ate  on T ransitions observed in  th e  gate ,
keV keV
100.2 133.1
786.6
173.9 239.3 422.7 634.9 745.5
133.1 209.9 237.2 239.3 247.0 311.8 323.4
375.1
854.5
422.7 451.8 559.0 634.9 786.4
173.9 239.3 247.0 311.8 323.4 375.1 411.2
422.7 634.9 745.5 824.7 854.5 1140.4
201.3 173.0
786.6
343.0 383.9 422.7 634.9 745.5
204.7 133.1
786.6
173.9 247.0 422.7 634.9 745.5
239.3 100.2
786.6
133.1 173.9 422.7 634.9 745.5
237.2 133.1
745.5
173.9
786.4
323.4 422.7 456.6 634.9
247.0 133.1
422.7
173.9
634.9
204.7
745.5
283.7
786.6
378.1 388.6
283.7 133.1
786.6
173.9 247.0 422.7 634.9 745.5
311.8 133.1 173.9 422.7 456.6 634.9 786.6
323.4 133.1
786.6
173.9 237.2 422.7 634.9 745.5
343.0 201.3 416.6 422.7 634.9 786.4
372.4 173.9 204.7 451.8 634.9 745.5 786.4
375.1 133.1 173.9 422.7 634.9 745.5 786.6
378.1 133.1
786.6
173.9 247.0 422.7 634.9 745.5
(table cont’d.)
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G ate  on T ransitions observed in th e  gate,
keV keV
384/385 201.3 416.6 422.7 634.9 644.0 745.5
397.4 422.7 472.4 619.5 634.9 675.3 690.7
1113.1
411.2 133.1 173.9 422.7 634.9 745.5 786.6
422.7 133.1 173.9 201.3 209.9 239.3 247.0
283.9 311.8 323.4 343.0 375.1 378.1
383.9 397.4 411.2 416.6 445.0 451.8
456.6 472.4 477.5 535.5 544.2 559.0
584.6 595.5 619.5 634.9 644.0 659.2
675.3 690.7 714.0 745.0 774.1 786.4
815.0 824.7 854.5 934.0 1072.9 1113.1
1140.4 1193.3 1210.6 1250.5 1285.0 1326.1
1344.7 1366.3 1375.0 1418.3 1422.9 1486.7
1569.9 1633.0 1657.9 1686.8 1759.4
445.0 422.7 634.9 786.4
451.8 133.1 173.9 422.7 634.9 745.5 786.6
456.6 237.2 422.7 634.9 786.4
472.4 397.4 422.7 595.5 619.5 634.9 675.3
690.7 1072.9 1113.1
477.5 422.7 634.9 595.5 715.9
535.5 422.7 334.4 619.5 634.9 675.3 690.7
1113.1
544.2 422.7 634.9 786.4
559.5 133.1 173.9 422.7 634.9 745.5 786.6
584.6 422.7 634.9 786.4 815.0
595.5 422.7 472.4 477.5 634/9 690.7 1113.1
619.5 397.4 422.7 472.4 690.7 915.3 1113.1
(table cont’d.)
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G ate  on T ransitions observed in the  gate,
keV keV
625.4 133.1 173.9 422.7 634.9 745.5 786.6
634.9 133.1 173.9 201.3 209.9 239.3 247.0
283.9 311.8 323.4 343.0 375.0 383.9
411.2 416.6 422.7 445.0 456.6 472.4
477.5 535.5 544.2 584,6 595.5 619.5
644.0 659.2 675.3 714.0 745.5 759.3
774.1 786.4 815.0 824.7 854.5 914.0
934.0 1072.9 1096.7 1140.4 1193.3 1210.6
1250.5 1285.0 1326.1 1344.7 1366.6 1375.0
1418.3 1569.9
644.0 385.3 422.7 634.9 745.5
659.2 422.7 634.9 786.4
664.0 422.7 634.9 690.7 718.1 774.1
675.3 334.4
915.3
397.4 422.7 472.4 535.5 634.9
690.7 397.4
718.1
422.7
796.0
472.7 535.5 595.5 619.5
714.0 422.7 634.9 745.5
715.9 422.7 477.5 634.9 690.7 697.6 1113.1
718.1 397.4
1113.1
422.7 595.5 664.0 690.7 796.0
745.5 173.9 209.9 239.3 247.0 311.8 323.4
375.1 383.9 411.2 422.7 451.8 559.0
634.9 644.0 714.1 824.7 854.5 934.0
1070.0 1096.7
759.3 422.7 634.9 786.4
774.1 422.7 634.9 664.0 796.0
796.0 422.7 634.9 690.7 718.1 774.1 1113.1
786.4 133.1 201.3 209.9 311.8 232.0 343.0
(table cont’d.)
Il l
G ate  on 
keV
Transitions observed in 
keV
th e  gate,
375.1 411.2 416.6 422.7 445.0 451.8
456.6 544.2 559.0 584.6 584.6 625.4
634.9 659.2 759.3 824.7 1140.4
815.0 133.1 173.9 422.7 584.6 634.9 786.4
824.7 133.1 173.9 422.7 634.9 745.5 786.6
854.5 133.1 173.9 422.7 634.9 745.5 786.4
915.3 422.7 619.5 634.9 675.3 690.7 1113.1
934,0 422.7 634.9 745.5
1070.0 422.7 634.9 745.5
1072.9 422.7 472.4 634.9
1096.7 422.7 634.9 745.5
1113.1 397.4 422.7 472.4 535.5 595.5 619.5
697.6 718.1 796.0
1140.4 133.1 173.9 422.7 634.9 745.5 786.6
1193.3 422.7 634.9
1210.6 334.4 422.7 634.9
1250.5 422.7 634.9
1285.0 422.7 634.9
1321.0
1326.1 422.7 634.9 786.4
1344.7 422.7 634.9
1366.3 422.7 634.9
1418.3 422.7 634.9
1422.9 422.7
1486.6 422.7
1569.9 422.7 634.9
1633.0 422.7
1657.9 422.7
1686.8 422.7
1759.4 422.7
1854.4 422.7
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Conversion Coefficient M easurem ents. In o rder to  o b ta in  th e  m u ltip o ­
la rity  of th e  various tran sitions , electron  conversion coefficients for each of th e  t ra n ­
sitions were calcu lated  where ever possible. T hese m ultipo la rities  of the  tran sitions  
enab led  one to  assign spin and  parities  for various levels.
T he  four transitions of the  ground band  th a t  are known to  be pure  E2 [71] were 
selected  to  norm alize the  e~ and  th e  7  spectra. A reas for the  K-lines for these  four 
tran sitio n s  (422.7 keV 2 f  —> Of, 634.9 keV 4 f  —> 2 f ,  745.5 6 f  —> 8 f ,  and  644.1 
8 f  —> 6 f )  were m easured . From  th e  7  spectrum , corresponding areas and hence the  
in tensities  were calcu lated . T he  norm alizing fac to r N  was com puted  for each of the  
tran sitio n s  w ith  th e  equation
e~ in te n s i ty
N  = OLK :--------- :----
7  in te n s i ty
w here is th e  theo re tical K -conversion coefficient [69]. A value of 52.9 ±  2.9 
was ob ta ined  for th e  norm aliza tion  factor N .  T his no rm aliza tion  fac to r was th en  
used to  de te rm ine  th e  conversion coefficients for all th e  o th er tran sitions . W henever 
possible, L-conversion coefficients were also calcu lated  and  a/*-/ox ra tio s were used 
to  de te rm ine  th e  percen tage of m ixing of m ultipo larities..
T he  values of for all th e  tran sitions  can be seen in Table 3.7 and  in Figs. 
3.39 and  3.40. Table 3.8 contains the  m u ltipo la rity  in fo rm ation  on all th e  tra n s i­
tions. T he conversion coefficients of all th e  tran sitions have been sorted  in to  four 
ba tches, nam ely, E2, E 2+ M 1, M l and o thers th a t  in th is case were com prised of E0, 
E 2 + M 1 + E 0 , and E l tran sitions  and can be seen Figs. 3.39 and  3.40. Table 3.9 gives 
th e  in form ation  on th e  levels, th e ir  spins, parity , and the  feeding. T he q k  value for 
th e  1686.8 keV was sm aller th a n  the  theo re tical a n  value for th e  tran s itio n  to  be E2,
(3.5
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F igure  3.39. Conversion coefficients for a) E2 transitions and  b) E2 +  M l tran sitio n s  
in 192H g.
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F igure  3.40. Conversion coefficients for a) M l tran sitions  and  b) E2 +  M l +  EO 
and  E l tran sitio n s  in 192H g .
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b u t a t th e  sam e tim e it was m uch bigger th an  the  theo re tical value for being an  E l 
tran s itio n . T h is tran sitio n  was therefore classified as a  E2 + M l tran s itio n , as seen 
Fig. 3.39 and  Tables 3.8 and  3.9. T he transitions 239.3 and  508.4 had  a x  values 
sm aller th a n  th e  theo re tical values for them  to  be M l transitions. B u t com parison 
of th e  ra tio  of a x '/ a ^  w ith theo re tical values, classified th em  as M l transitions.
A lthough  th ere  is an  array  of E0 enhanced transitions in 192Hg (see Fig. 3.40b) 
as well as an  identifiable pure  E0 tran sitio n  a t 1321 keV, it does not ap p ear th a t  a 
b an d  sim ilar to  th a t  observed in th e  ligh ter Hg isotopes exists. T he  0+ s ta te  a t 1321 
keV in 192Hg m ost likely arises from  a  pair excitation , m ost p robably  a  neu tro n  pair. 
T h e  d isappearance  of th e  2p-4h exc ita tion  in 192Hg is no t surprising  considering th a t  
it  would have m oved up considerably in energy and th a t  it is only w eakly po p u la ted  
in  190Hg. T his is consistent w ith  the  theore tical p redictions [62] base on th e  T otal 
R o u th ian  Surface (TR S) calculations.
3 .4 .3  190H g  D a t a  a n d  R e s u l t s
L e v e l S c h e m e  o f  190H g . T he  proposed, p a rtia l decay schem e of 190T1 is shown 
in Fig. 3.41. T he  g round-sta te  band  of 190Hg has been estab lished  in  th e  b e ta  decay 
s tud ies of 190T1 [70] and  in th e  in -beam  studies [54]. T he in tru d e r band  was in itia lly  
estab lished  by M .O .K orte la ti et. a i ,  in the  rad ioactive decay of 190T1 [30]. T he 
in tru d e r  band  was solidly confirm ed in th is work and is shown in Fig. 3.42. T he 
in tru d e r  band  of s ta tes  a t 1278.8 keV (0+ ), 1571.6 keV (2+ ), 1975.2 keV (4+ ) and  
2510.0 keV (6 + ) is shown on the  righ t side of Fig. 3.42. T his band  was identified  by 
p lacing  gates on electrons of th e  1155.2 keV, 933.4 keV and 737.7 keV tran sitio n s
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Table 3.7. Conversion coefficients: T heoretical values and experim en ta l values, for 
tran sitio n s  in 192H g.
T ransition  
1 energy 
keV
a K (or a L) 
x lO’ 2
M l
x 10~2
a  (theoretica l)
E2 others 
x 10“ 2 x 10~2
100.2 604(17) 683.0 61.0
156(10) 116.0 376.0
133.1 34.9(1.9) 310.0 41.2
77.9 53.0 103.0
173.9 7.66(42) 143.1 23.8 E l  =  8.61
178.8 130.4 22.1
201.3 23(2) 94.1 16.7
204.7 82(7) 90.3 16.1
209.9 13.3(1.7) 83.3 15.1
8.9(7) 13.9 13.87
237.2 58.7(2.4) 58.2 11.0
239.3 37.6(2.5) 58.2 11.0
6.0(4) 9.15 8.11
247.0 1 0 .6 (8 ) 53.4 10.2
3.34(4) 8.89 7.15
283.7 27(2) 36.5 7.27
311.8 27(2) 28.1 5.7
323.4 24(2) 25.3 5.27
5.1(4) 4.21 2.5
334.4 9.1(7) 23.3 4.9
343.0 10.0 21 .8 4.54
372.4 16.9 17.46 3.82
375.1 11.0(7) 17.1 3.76
2.29(16) 2.83 1.49
378.1 <  3.1 16.8 3.7
(table cont’d.)
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T ransition
energy
keV
ock (or a L ) 
x 1 0 - 2
M l
x 1 0 - 2
a  (theoretical)
E2 others 
x 10“ 2 x 10“ 2
383.9 1.9(1) 1.32 3.55
385.3 16(5) 16.0 3.5
2.4(8) 2.63 1.36
388.6 15.5 3.46
397.4 15.1(2.1) 14.7 3.3
411.2 3.1(3) 13.37 3.04
416.6 8.22(76) 12.97 2.96
1.66(32) 2.14 1.04
422.7 2 .86 12.5 2.86
445.0 <5.56 10.8 2.54
<1.65 1.78 0.84
451.8 10.3(1.2) 10.4 2.45
456.6 3.06(22) 10.14 2.39
472.4 3.55(44) 2.22 0.846
477.5 6.50(36) 9.03 2.11
508.4 3.58(30) 7.66 1.91
0.59(6) 1.25 0.552
535.5 4.83(36) 6.69 1.72
544.2 1.5(21 6.41 1.65
559.0 1.5(2) 5.97 1.56
584.6 3.80(13) 5.31 1.53
595.5 2.06(37) 5.06 1.37
619.5 1.48(8) 4.56 1.26
625.4 2.5(2) 4.46 1.24
634.9 1.2 4.28 1.2
644.0 1.16 4.13 1.16
659.2 1.52 3.88 1.11
(table cont’d.)
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T ransition a K (or a L) a  (theoretica l)
energy M l E2 others
keV x 10“ 2 x 10~2 x 10~2 x 10“ 2
664.0 3.81 1.09
675.3 2 .0 2 ( 11 ) 3.64 1.05
690.7 1.21(27) 3.44 1.01
697.6 0.90(2) 3.36 0.99
714.0 2.8(3) 3.16 0.95
715.9 3.14 0.94
718.1 2.4(2) 3.11 0.93
733.3 0.50(5) 2.95 0.90 E l  =  0.354
745.5 0.866 2.83 0.86
759.3 0.929 2.69 0.834
774.1 1.34(7) 2.56 0 .86
786.4 0.275(15) 2.47 0.77 E l  =  0.303
796.0 2.39 0.76
815.0 8 .4(2.3) 2.25 0.73
824.7 1 .6 8 ( 11 ) 2.19 0.713
854.5 3.18(43) 2.0 0.667
915.3 2.13(39) 1.69 0.584
934.0 0.76(7) 1.59 0.56
1070.0 1.13 0.43
1072.9 1.14(23) 1.12 0.43
1096.7 0.92(17) 1.06 0.42
1112 .8 0.469(26) 1.02 0.399
1140.4 0.753(84) 0.96 0.385
1193.3 1.51(8) 0.86 0.35
1210.6 0.577(37) 0.83 0.35
0.085(5) 0.13 0.061
1250.5
(table cont’d.)
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T ransition a K (or a i,) a  (theoretica l)
energy M l E2 others
keV x 1 0 " 2 x 10~2 x 1 0 " 2
CS1OH
1285.0 0.372(46) 0.713 0.308
1321.0 6.31(72) 0.665 0.293
1326.1 0.60(11) 0.659 0.291
1344.7 0.31(5) 0.637 0.284
1366.3 0.322(28) 0.611 0.276
1375.0 0.404(58) 0.601 0.272
1418.3 0.399(42) 0.556 0.257
1422.9 0.0702(41) 0.552 0.256 E l  =  0.105
1486.6 2.25(20) 0.494 0.236
1569.9 0.99(12) 0.418 0.213
1633.0 0.391 0.199
1657.9 0.867(131) 0.379 0.193
1686.8 0.115(6) 0.361 0.188 E l  =  0.079
1729.0 0.904(134) 0.765 0.177
1759.4 0.171(9) 0.325 0.174
1854.4 0.285 0.158
2913.0 0.202(17) 0.094 0.071
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T able  3.8. T he  energy values, in tensities, and m u ltip o la rity  values of th e  tran s itio n s  
in  192Hg .
Energy,
keV
T otal In tensity  
(re la tive  to
422.7 keV tra n s itio n  )
M ultipo larity
from
feeding
to
10 0 .2 0 (6 ) 0.28(6) M l(.65 ) +  E 2 2316.5 2216.3
133.12(4) 6 .6 (2 ) E2 1977.0 1844.0
173.89(5) 13.8(5) E l 1977.0 1803.1
178.8(3) E2/M 1 2602.7 2424.2
201.24(5) 0.59(9) E2(.92) +  M l 2388.2 2187.0
204.7(3) M l(.89 ) +  E2 2428.8 2224.0
209.95(5) 0 .6 (1 ) E2 2187.0 1977.0
237.2(3) M l 2536.9 2300.5
239.3(1) 4.5(7) M l 2216.3 1977.0
246.98(5) 2.2(3) E2(.62) +  M l 2224.0 1977.0
283.90(5) 0.34(6) M l (.69) +  E2 2507.9 2224.0
311.8(4) M l 2289.0 1977.0
323.42(5) 4.0(6) M l( .6 6 ) +  E2 2300.5 1977.0
334.35(6) 0.43(7) E2(.77) +  M l 2602.7 2268.1
342.97(6) 3.1(5) M l( .8 ) +  E2 2187.0 1844.0
372.4(5) M l 2801.7 2428.8
375.1(1) 1 .6 (2 ) M l(.64 ) +  E2 2352.0 1977.0
378.15(7) 0.38(6) E2 2602.6 2224.0
383.89(6) 3.3(5) E l 2187.0 1803.1
385.3(1) 0.45(8) M l 2832.5 2447.2
388.6(2) 0 .1 1 (2 ) 2612.6 2224.0
397.37(6) 1 .1 (2 ) M l 2130.5 1732.8
411.16(6) 0.9(1) E2 2388.2 1977.0
416.42(6) 0 .6 ( 1) M l(.65 ) +  E2 2602.6 2187.0
422.7(48) 100 E2 422.7 0 .0
(table cont’d.)
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Energy,
keV
In tensity
(relative)
M ultipo larity
from
feeding
to
445.04(6) 0 .8 ( 1 ) E2(.89) +  M l 2289.0 1844.0
451.8 M l 2428.8 1977.0
456.55(6) 1.3(2) E2(.91) +  M l 2300.5 1844.0
472.40(8) 0 .8 ( 1 ) E2(.81) +  M l 2602.7 2130.5
477.50(6) 0.48(8) M l(.57 ) +  E2 1535.3 1057.6
508.43(7) 2.4(1) M l 2352.0 1844.0
535.24(7) 0.73(3) M l(.63 ) +  E2 2268.1 1732.8
544.21(7) 1.41(5) E2 2388.2 1844.0
559.56(7) 1.99(6) E2 2536.9 1977.0
584.6 M l(.61 ) +  E2 2428.6 1844.0
595.52(7) 0.95(6) E2(.81) +  M l 2130.5 1535.3
619.45(8) 2.04(8) E2 1732.8 1113.1
625.39(9) 0.70(4) E2(.61) +  M l 2602.6 1977.0
634.88(8) 94(3) E2 1057.6 422.7
644.09(8) 1.89(6) E2 2447.2 1803.1
659.2(3) E2(.85) +  M l 2503.2 1844.0
664.0(8) 2495.0 1831.2
675.29(8) 2 .2 (1 ) E2(.62) +  M l 1732.8 1057.6
690.75(8) 3.03(9) E2(.92) +  M l 1113.1 422.7
697.6(3) E2 2948.7 2251.5
714.04(9) 1.42(4) M l(.85 ) +  E2 2517.1 1803.1
715.88(9) 1.16(4) 2215.4 1535.3
718.12(9) 1.07(3) E2(.65) +  M l 1831.2 1113.1
733.3(3) E l 2537.6 1803.1
745.49(9) 36(1) E2 1803.1 1057.6
759.3(3) E2(.95) +  M l 2602.6 1844.0
774.10(9) 1.24(4) E2(.72) +  M l 1831.2 1057.1
786.38(9) 40(1) E l 1844.0 1057.6
796.0(3) 2627.5 1831.2
815.0(1.0) E2 +  M l +  E0 3243.6 2428.6
824.7(3) M l( .6 6 ) +  E2 2801.7 1977.0
(table cont’d.)
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Energy,
keV
In tensity
(relative)
M ultipo larity
from
feeding
to
854.5 E2 +  M l +  E0 2831.5 1977.0
915.3(3) E2 +  M l +  E0 2647.8 1732.8
934.0(2) 1.21(5) E2(.81) +  M l 2737.1 1803.1
1070.0(3) 2873.0 1803.1
1072.9(2) 0.59(3) E2 +  M l +  E0 2130.5 1057.6
1096.7(3) M l 2899.8 1803.1
1112.8(4) M l 1535.3 422.7
1112.8(4) E2 1113.1 0 .0
1140.4 M l(.64 ) +  E2 3117.4 1977.0
1193.3 E2 +  M l +  EO 2251.4 1057.6
1 2 1 0 .6 (2 ) 2.53(6) M l 2268.1 1057.6
1250.5(3) 2308.3 1057.6
1285.0 E2(.85) +  M l 2342.6 1057.6
1321.0 EO
1326.1 M l 3170.1 1844.0
1344.7 E2 2402.3 1057.6
1366.6 E2(.84) +  M l 2424.2 1057.6
1375.0 E2(.60) +  M l
1418.3 E2(.42) +  M l 2475.9 1057.6
1422.9(7) 2.56(9) E l 1845.6 422.7
1486.6 E2 +  M l +  EO 1909.3 422.7
1569.5 E2 +  M l +  EO 2627.5 1057.6
1573.0 2630.6 1057.6
1633.0 2055.7 422.7
1657.9 E2 +  M l +  EO 2080.6 422.7
1686.8 E2 +  M l 2109.5 422.7
1729.0 E2 +  M l +  EO
1759.4 E2 2182.1 422.7
1854.4 2277.1 422.7
2913.0
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Table 3.9. Levels in 192Hg .
Energy, S p in /p a rity feeding “ Log (ft)
keV EC  +  13+ EC f3+
422.7 2 + 0.00 0.00 0.00 0 .000
1057.6 4+ 6.30 3.069 3.231 7.198
1113.1 2 + 1.15 0.573 0.577 7.920
1535.3 3+ 1.54 0.896 0.674 7.652
1732.8 4+ 1.90 1.157 0.743 7.506
1803.1 6 + 10.78 6.726 4.054 6.860
1831.2 (2 ,3 )+ 1.59 1.000 0.590 7.554
1844.0 5“ 10.47 6.614 3.856 6.730
1845.6 (1 ,2 ,3 )" 2.46 1.581 0.919 7.352
1977.0 7" 4.86 3.181 1.679 7.015
1909.3 (1 ,2 ,3 )+ 0.27 0.174 0.096 8.297
2055.7 0.16 0.107 0.053 8.473
2080.6 0.18 0 .122 0.058 8.415
2109.5 0.54 0.368 0.172 8.169
2130.5 4+ 1.73 1.187 0.543 7.418
2182.1 0.38 0.264 0.116 8.060
2187.0 5“ 6.37 4.439 1.931 6.833
2216.3 (6 ,7 ,8 )" 4.23 2.972 1.258 6.999
2224.0 (6 ,7 ,8 )“ 0.78 0.549 0.231 7.730
2251.4 1.18 0.837 0.343 7.539
2268.1 5+ 2.54 1.810 0.730 7.200
2277.1
2289.0 6 ~ 3.21 2.299 0.911 7.091
2291.5
2300.5 6 " 4.70 3.377 1.323 6.922
2308.3 1.61 1.159 0.451 7.386
2316.5 ( 5 - 9 ) - 2.74 1.977 0.763 7.152
2342.6 0.84 0.610 0.230 7.657
“ T h e  i n d i v i d u a l  c o n t r i b u t i o n  o f  t h e  e l e c t r o n  c a p t u r e  p r o c e s s  a n d  p o s i t r o n  f e e d i n g  p r o ­
c e s s ,  t o  t h e  t o t a l  p r o c e s s  h a s  b e e n  c a l c u l a t e d  f r o m  t h e  s t a n d a r d  t a b l e s .
( tab le  c o n t’d.)
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Energy,
keV
S p in /p a rity feeding Log (ft)
EC +  (3+ EC /?+
2352.2 6 " 3.46 2.520 0.940 7.039
2388.2 (5 ,6 ) - 2.28 1.675 0.605 7.210
2402.7 1.11 0.818 0.292 7.518
2424.2 1.09 0.808 0.281 7.520
2428.6 (4 ,5 ,6 )" 1.47 1.090 0.380 7.390
2428.8 (6 ,7 ,8 ) - 1.17 1.313 0.457 7.309
2447.2 8+ 1.34 0.998 0.341 7.423
2475.9 (3 ,4 ,5 )+ 0.33 0.248 0.082 8.023
2495.0 0 .2 2 0.166 0.054 8.192
2503.2 (4 ,5 ,6 )“ 0.94 0.711 0.229 7.558
2507.9 0.43 0.326 0.104 7.947
2517.1 (7 ,8 ,9 )+ 1.37 0.326 0.104 7.389
2536.9 (5 ,6 ,7 )" 1.55 1.184 0.366 7.327
2537.6 1.32 1.008 0.312 7.397
2602.6 6 “ 3.32 2.580 0.740 6.971
2602.7 5+ 1.08 0.831 0.238 7.463
2612.0 0.09 0.070 0 .020 8.536
2627.5 0.62 0.485 0.135 7.694
2630.6 4+ 0.06 0.047 0.013 8.707
2647.8 4+ 0.37 0.291 0.079 7.912
2737.1 (6 ,7 ,8 )+ 1.13 0.907 0.223 7.400
2801.7 (6 ,7 ) - 0.72 0.586 0.134 7.574
2831.5 ( 6 ,7 ,8 ) - 0.31 0.254 0.056 7.928
2832.5 (7 ,8 ,9 )+ 0.55 0.451 0.099 7.679
2899.8 0.33 0.274 0.056 7.876
2948.7 0.15 0.126 0.024 8.203
3117.4 2.03 1.761 0.269 7.024
3170.1 (4 ,5 ,6 )" 0.24 0.210 0.030 7.923
3243.6 ( 4 - 9 ) - 0.29 0.257 0.033 7.812
1n?TI81 1 '111
EC+/3+
T  3.7 min
2'2.6min
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190 Hg 112
_T
5
2572.9
2510.0
2465.0
2424.7
2391.9
2335.2
2318.7
2318.3
2251.7
2200.8 
2162.2 
2078.2 
2072.8
■ 1975.2 
-1881.4
■1772.9
■ 1656.9
■ 1571.6
■ 1558.8
■ 1278.8
■ 1099.9 
-1041.8
-416.4
- 0.0
F igure  3.41. P a rtia l decay schem e for 190T1.
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190T I 81 1 *109
--------------------- T  10.6 min
______________  2 ' 9.6 min
/  E C + /3+
2510.62465.0
535.4
692.1
1975.2
1772.9
403.6
1571.6
292.8731.1
1278.8
1041.8
625.4
416.4
416.4
0.0
190
112
F igu re  3.42. T he  (p ro la te) in tru d e r  band  and  th e  o b la te  ground  band  of 190H g. T he 
d a rk  lines represen t the  tran sitio n s  w ith  strong  EO com ponents. T h e  1278.8 keV 
tra n s itio n  is however a pu re  EO transition .
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shown in Fig. 3.42. T he  7  sp ec tra  in correlation w ith  these gates can be seen in Fig. 
3.43. T he 1278.8 keV tran s itio n  from  th e  excited  0+ to  the  ground s ta te  0+ was 
estab lished  as a  pure  EO tran sitio n . As seen in Fig. 3.44, in the  e~ spectrum , th e re  is 
a  strong  e~ line corresponding to  1195 keV, b u t th ere  is no corresponding 7  tran s itio n  
of 1278 keV. T his 1278.8 keV tran s itio n  was not observed to  be in coincidence w ith 
th e  416.4 keV (2 f  —» Of) tran sitio n . T he o ther J * —> J v transitions had  som e EO 
com ponent m ixed along w ith  th e  E2 and M l m ultipo larity . Various o th er levels and 
tran sitio n s  no t d irec tly  connected to  th e  in tru d e r band , observed in th e  decay of 
190T 1 , can be seen in Fig. 3.41.
T he coincidence in form ation  betw een transitions can be seen in Table 3.10, and 
th e  values of olk for these tran sitio n s  can be seen in Table 3.11 and  in Figs. 3.45 
and  3.46. Table 3.12 contains th e  m u ltip o la rity  and in tensity  of those tran sitions , 
and  th e  levels th ey  connect.
T he  analysis of th e  190Hg d a ta  is focused m ain ly  on confirm ation of th e  deform ed 
band in tru d e r band  suggested earlie r by K ortelah ti et. al. [30]. T he d a ta  and  anal­
ysis perform ed here provides th e  solid verification requ ired  to  firm ly conclude th a t 
th e  theo re tica l p red ic tion  [62] which ind ica ted  th a t  no deform ed p ro la te  m in im um  
ex isted  in  190Hg is incorrect. In add ition  to  solidly verifying the  EO enhancem en t in 
737 keV , 933 keV and  1155 keV transitions (see Fig. 3.42), adequate  spectroscopic 
evidence for th e  existence of th e  292.8 keV (2 f  —> O f) tran s itio n  and  th e  863.4 keV 
(Of —> 2 f ) tran s itio n  confirm s th e  p lacem ent of th e  1278.8 keV EO tra n s itio n  and 
th e  estab lishm en t of a 0+ level a t 1278.8 keV. T he im p o rtan t p a rts  of th is  2p-4h p ro­
la te  in tru d e r  band  are shown in Fig. 3.42 and the  corresponding po in ts are p lo tted  
in Fig. 1.4.
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Figure 3.43. T he top  7 -spectrum  is in coincidence w ith  th e  1155.2 keV tran sitio n , 
th e  cen ter 7 -spec trum  is in coincidence w ith  the  933.4 keV tran s itio n  and  th e  b o t­
to m  7 -spectrum  is in coincidence w ith  the  737.7 keV tran sitio n . T he gates were 
pulled  on the  electrons corresponding to  these transitions. A constan t background 
of 100 counts was added  to  every channel to  avoid negative counts afte r background 
su b trac tio n .
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F igure  3.44. T he e~ and  7  spectra , of 190Hg transitions th a t  were used to  identify  
th e  1278-keV EO transition . T he  energy values given a t th e  top  of th e  7  spectrum  
differ from  th e  e~ spectrum  energy values, given a t th e  b o tto m  of th e  e~ spectrum , 
by th e  K-shell b ind ing  energy (83 keV). T he  d o tted  line “connects” the  peak in the  
7  spectrum  to  the  corresponding peak  in th e  e~ spectrum . T he two o th er peaks 
besides th e  1278 keV tran s itio n  belong to  th e  1276 keV (67% M l)  and 1240 keV 
(E2) tran sitions . T hese o th er peaks are  shown to  com pare th e  e~ in tensities.
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F igure  3.45. Conversion coefficients for a) E2 tran sitions  and b) E2 +  M l tran sitio n s , 
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F igure  3.46. Conversion coefficients for E2 +  M l +  EO and  E l  tran sitio n s , in  190H g.
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Table 3.10. Coincidence inform ation  of tran sitio n s  in 190Hg .
G a te  on tran sitio n s  observed in th e  gate
keV keV
196.8 240.1
625.4
257.0 313.7 346.5 416.4 625.4
240.5 196.8 305.3 416.4 625.4 731.3 839.7
256.9 196.8 305.3 416.4 625.4 731.3 839.7
305.2 240.1
731.3
257.0 313.7 346.5 416.4 625.4
313.7 196.8 305.3 416.4 625.4 731.3 839.7
347.0 196.8 305.3 416.4 625.4 731.3 839.7
370.3 416.4 625.4 839.7
416.4 196.8 240.1 257.0 305.3 313.7 346.5
370.3 437.6 458.7 478.3 535.0 543.9
557.0 615.4 625.4 683.5 692.1 731.1
737.0 800.0 839.7 862.4 933.0 1031.0
1142.5 1240.7 1276.7 1468.0 1559.0
437.1 416.4 625.4 839.7
458.9 416.4 683.9 1099.9 603.4 597.7
478.2 416.4 625.4 731.1
534.8 416.4 625.4 933.0 1559.0
543.9 416.4
1240.7
557.0 615.4 625.4 683.5 1099.9
557.2 416.4 543.9 683.9 1099.9
615.4 416.4 543.9 625.4
625.4 196.8 240.1 257.0 305.3 313.7 346.5
370.3 416.4 437.6 543.9 615.4 692.1
731.3 737.0 800.0 933.0 1031.0 1276.7
1468.0
683.7 416.4 458.7 543.9 557.0
(table cont’d.)
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G ate  on 
keV
transitions observed in th e  gate  
keV
692.1 416.4 625.4 731.3
731.4 240.1 257.0 305.3 313.7 346.5 416.4
478.3 625.4 692.1 737.0 800.0
737.2 416.4 625.4 731.3
800.5 416.4 625.4 731.3
838.8 196.8 370.3 416.4 437.6 625.4
933.7 416.4 535.0 625.4
1031.1 416.4 625.4
1142.6 416.4 597.7 603.4
1155.2“ 403.6 416.4 535.0
1240.4 416.4 543.9
1276.7 416.4 625.4
1468.1 416.4 625.4
1558.8 416.4 535.0
“ G a t e  o n  e l e c t r o n  s p e c t r u m  i e  1072.1 k e V
Table 3.11. Conversion coefficients of tran sitions  in th e  decay of 190T1 : th eo re tica l 
values and  experim en tal values.
T ransition  a k  (or a l ) a  (theo retica l)
energy, M l, E2, O thers,
kev x 10-2  x 10-2  x 10-2  x 10-2
196.8 21.0(6) 99.8 17.6
240.5 37.95(66) 57.6 10.9
256.9 9.39(27) 48.0 9.24
305.2 2.83(6) 29.88 6.09 E l= 2 .2 2
313.7 25.6(6) 27.7 5.69
347.0 18.35(55) 21.2 4.51
370.3 5.63(15) 17.73 3.87
(tab le  co n t’d.)
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T ransition a K (or a L) a  (theo retica l)
energy, M l, E2, O thers,
kev x 10“ 2 x 1 0 " 2 x 1 0 - 2 x 1 0~ 2
416.4 2.956 12.96 2.96
437.1 3.89(31) 11.3 2.64
458.9 3.73(27) 10.03 2.37
478.2 1 .2 1 (8 ) 8.97 2.17 E l= 0 .8 2
534.8 2.12(41) 6.69 1.71
543.9 1.88(9) 6.41 1.66
557.2 1.76(8) 6.08 1.58
603.4 1.58(23) 4.88 1.33
615.4 3.0(1) 4.65 1.28
625.4 1.23(2) 4.54 1.23
683.7 1.14(7) 3.53 1.14
692.1 1.01(5) 3.42 1.00
731.4 0.889(16) 2.97 0.9
737.2 3.75(33) 2.92 0.89
800.5 0.72(6) 2.37 0.757
838.8 0.279(11 2 .10 0.69 E l= 0 .2 7 3
862.4 0.699(95) 1.96 0.66
933.0 5.43(43) 1.60 0.56
1100.1 0.348(76) 1.65 0.411
1031.1 0.731(67) 1.24 0.463
1142.6 0.428(24) 0.958 0.383
1155.2 4.17(22) 0.932 0.375
1240.4 0.330(41) 0.779 0.33
1276.7 0.596(58) 0.725 0.312
1278.8 >63.2 0.72 0.311
1468.1 <3.91 0.51 0.241 E l= 0 .1
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Table 3.12. T he energy values, in tensities, and m u ltip o la rity  values of th e  tran sitio n s  
in  190Hg .
Energy, In tensity M ultipo larity feeding
keV (relative) from  to
196.8 6.24 E2 (>96% ) 2078.2 1881.4
240.5 4.76 E2(.42) +  M l 2318.3 2078.2
256.9 1.90 E2 2335.2 2078.2
305.2 13.89 E l 2078.2 1772.9
313.7 1.87 M l(.91 ) +  E2 2391.9 2078.2
347.0 1.51 M l(.83 ) +  E2 2424.7 2078.2
370.3 4.56 E2(.87) +  M l 2251.7 1881.4
416.4 100.0 E2 416.4 0.0
437.1 0.77 E2(.86) +  M l 2318.3 1881.4
458.9 1.07 E2(.82) +  M l 1558.8 1099.9
478.2 1.20 E l 2251.7 1772.9
534.8 0.87 E2 2510.0 1975.2
543.9 E2(.95) +  M l 2200.8 1656.9
557.2 5.64 E2 (>96% ) 1656.9 1099.9
603.4 0.27 E2(.93) +  M l 2162.2 1558.8
(tab le  c o n t’d.)
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Energy,
keV
In tensity
(relative)
M ultipo larity
from
feeding
to
615.4 3.82 M l(.51 ) +  E2 1656.9 1041.8
625.4 75.63 E2 1041.8 416.4
683.7 7.60 E2 1099.9 416.4
692.1 4.61 E2 2465.0 1772.9
731.4 32.22 E2 1772.9 1041.8
737.2 0.30 E2 +  M l +  E0 2510.0 1772.9
800.5 2.37 E2 2572.9 1772.9
838.8 2.25 E l 1881.4 1041.8
862.4 E2 1278.8 416.4
933.7 0.49 E2 +  M l +  E0 1975.2 1041.8
1100.1 4.61 E2 1099.9 0 .0
1031.1 1.17 E2(.65) +  M l 2072.8 1041.8
1142.6 4.07 E2(.92) +  M l 1558.8 416.4
1155.2 0.68 E2 +  M l +  E0 1571.6 416.4
1240.4 1.04 E2 1656.9 416.4
1276.7 1.47 M l(.69 ) +  E2 2318.7 1041.8
1278.8 EO 1278.8 0.0
1468.1 0.41 E2 2510.0 1041.8
1558.8 0.06 1558.8 0 .0
1558.8 1.02 1975.2 416.4
C H A P T E R  4
E X PE R IM E N T A L  RESULTS A N D  C O N C LU SIO N S
In  th e  first chap ter, it is shown th a t  th e  value of p 2(E0) is a  m easure  of th e  
m ix ing  betw een configurations w ith different values of th e  deform ation  p a ra m ete r  
/?; th e  larger th e  value of p2(E0), th e  stronger th e  m ixing. S tronger m ixing  also 
im plies increase in th e  value of th e  m ixing m atr ix  elem ent. T h is chap te r deals w ith  
resu lts  of th e  experim en ts  described  in the  previous chap ter.
T he  resu lts  of th e  lifetim e experim ents, as sum m arized  in Table 3.3, in d ica te  th a t  
th e  value of Vo, th e  m ixing m atr ix  elem ent is larger for 186Hg as com pared  to  188Hg. 
It is expected  th a t  th e  m ixing will increase in  184Hg since th e  2p-4h ex c ita tio n  lies 
lowest n ear th e  m id shell, which corresponds to  184Hg. T h is is consisten t [11, 36] 
w ith  th e  system atics  of th e  coexisting shapes bu ilt on th e  2p-4h configuration, as 
shown in Figs. 1.4 and 4.1; however, the  p2(E0) values are inconsisten t w ith  the  
th eo re tica l values of Barfield et. al. [67], as shown in Table 4.1 o b ta ined  by using th e  
IB M  m odel.
T h e  s ta te s  th a t  resu lt from  the  2p-4h excita tions have been seen from  184Hg 
to  190Hg ( 190Hg and 192Hg in th is  work), b u t th e  popu lation  of th e  excited  0+ 
s ta te s  in 190Hg was too  weak to  ob ta in  a  q u a n tita tiv e  m easure  of th e  m ix ing  by 
life tim e m easu rem en t. T he  weak in tensities of th e  EO tran s itio n  from  th e  excited  
0+ to  th e  ground  s ta te  0+ in 190Hg is an ind ication  of th e  weakness of m ixing  as
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■ 1644.1
0+ ------1------- 1279.4
- 375.1
—  522.7 
< 5 2 p S
—  824.5 
204(45) ps
■ 1321.0
1279.4 1321.0
024.5
522.7
375.1
- 0.0 -o .o -o .o -o.o
184Hg 186Hg 186iHg ,90Hg
■ 1515.2
0+- - 1450.9
■ 1318.9
1644.1
1450.S
1318.!
-0.0 0*-
0*
1401.5
- 0.0 0*
■ 1029.3
1515.2
1029.3
-0.0 0* ■0.0
192jHg 194 Hg 196iHg 19B|Hg 200|Hg
F igure  4.1. T h e  0+ excited  s ta te s  for th e  Hg isotopes from  184Hg to  192Hg w ith  half- 
life values (w here available). T h e  tran sitio n  energies of th e  EO tran sitio n s  reflects 
th e  tre n d  th a t  brings th e  in tru d e r  s ta te  th e  deepest a t m idshell and  a t th e  sam e tim e 
ind ica tes th e  d ep a rtu re  from  th is  trend . Half-life values of < 52  ps and  204 ±  45 
ps, and  th e  E0 tran s itio n  energy of 1321 keV are  th e  q uan tities  o b ta ined  in th is 
work. T he  0+ levels from  184Hg to  190Hg are as a  resu lt of th e  2p-4h excita tions 
w here as th e  0+ levels from  192Hg to  200Hg resu lt from  neu tro n  a n d /o r  p ro ton  pair 
excita tions.
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Table 4.1. T he experim en tal and theore tical values by 
Barfield et. al. [67] of p2(E0) values.____________________
Nuclei Theory ,0 
x 10~3
E xperim en ta l, 
x 10~3
186Hg 1.225 7.7± | ; | 6
188Hg 4.761 >  326
0  T h e  /? 2 ( E 0 )  v a l u e s  a r e  c a l c u l a t e d  f r o m  t h e  v a l u e  o f  t h e  / ^ E O . O ] ] '  — * 
O i " )  v a l u e  i n  r e f e r e n c e  [ 6 7 ]
6 S e e  s e c t i o n  3 . 3 . 2 .
one m oves away from  th e  m id  shell, since th e  s tren g th  of these EO tran sitio n s  is 
d irec tly  dependen t on th e  m ixing of the  s ta tes  w ith  different deform ations. M ixing 
betw een these  co-existing bands can also be seen from  Fig. 1.4 w here th e  2* levels 
are  pushed  down and  th e  4+ levels are pushed up due to  the  in te rac tio n  w ith  the  
in tru d e r band. T he increase of a  factor of ~ 4  in the  value of p2(E0) betw een 188Hg 
and  186Hg provides a  q u a n tita tiv e  m easure of th e  m ixing enhancem ent as th e  energy 
separa tion  is decreased by 301 keV. T he value of Vo ob tained  for 186Hg and 188Hg 
, as shown in tab le  3.3, suggests th a t  th e  value of Vo should keep increasing as one 
approaches th e  m id shell, and it should be m axim um  for 184Hg , b u t th e  earlier 
m easu rem en t of 0.9 ±  0.3 ns as th e  half-life for the  0 j  s ta te  of 184Hg suggests 
otherw ise. Ow ing to  the  shutdow n of the  H H IR F  accelerator, it was not possible 
to  re investigate  th is  m easu rem en t w ith  th e  new, m ore sensitive, life-tim e m easuring  
system .
0.10 0.20 0.30 0.40
F igu re  4.2. TR S plot of 192Hg dep ic ting  the  position  of ob la te  ground band  and 
th e  superdeform ed  band. A shallow  m in im um  besides these two, which has positive  
defo rm ation  can also be seen developing.
T h e  excited  0+ s ta te  in the  case of 192Hg was observed to  be m uch lower th a n  the  
p ro jec tio n  from  the  system atics  in Fig. 1.4. T he  0+ band heads of th e  in tru d e r  bands 
in th e  neu tro n  deficient Hg isotopes have been discussed in d e ta il [62] and  shown to  
have p ro la te  deform ation , w ith  /? values ranging from  0.25 to  0.21 Hg isotopes w ith 
1 0 0< N < 108 , and  th e  ground s ta te  band  was estab lished  to  have ob la te  deform ation  
w ith  fi in th e  range of negative 0.11 to  negative 0.13 for th e  sam e isotopes. T he 
sam e work does not however p red ic t th e  existence of th is in tru d e r band  w ith  p ro la te  
defo rm ation  in 190Hg and 192Hg, as can be seen in Fig. 4.2 which shows th e  TR S 
ca lcu la tions for the  192Hg case. T here  is a  very shallow second m in im um  which 
shows up  for a  sm all range of ro ta tin g  frequency, a t very large values of ro ta tin g  
frequency. T h is ind icates the  dev ia tion  of the  band , bu ilt on the  excited  0+ s ta te  in
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th e  case of 190Hg, from  the  p ro la te  deform ation . T h is d ep a rtu re  is even stronger in 
th e  case of 192Hg w here only a  weak EO tran s itio n  has been identified which connects 
th e  excited  0+ s ta te  to  th e  ground sta te . No band bu ilt on th is  excited  0+ s ta te  
could be identified. T his and th e  break from  system atics, suggests th a t  th e  0^ s ta te  
in 192Hg is no t th e  2p-4h in tru d e r s tru c tu re  seen in the  ligh ter Hg isotopes.
In Table 3.8 and  Fig. 3.40 it can be seen th a t  th e  397.4, 915.3, 1072.9, 1193.3, 
1569.5 and  1573.0 keV tran sitio n s  have strong  m onopole com ponents, ind ica ting  
m ixing  betw een th e  sta tes. All th e  above m entioned  tran sitions  feed to  4+ levels of 
different bands, which is an  ind ica tion  tow ards dev iation  from  th e  band  s tru c tu re s  
and  m ixing which is seen experim en tally  in Hg isotopes from  184Hg to  190Hg. T he 
02 s ta tes  in th e  isotopes heavier th a n  190Hg resu lt from  p ro ton  a n d /o r  neu tro n  pair 
excita tions ra th e r  th a n  2p-4h excitation .
It would be in teresting , however, to  experim entally  look for the  exc ita tion  energy 
of th e  excited  0+ s ta te  in 176Hg, which is a  d is tan t from  th e  m id  shell as 192Hg is 
on th e  o th er side of th e  m idshell. W ith  th e  developm ent of rad ioactive  ion beam  
facilities it  would be technically  possible to  popu la te  these nuclei and  look for EO 
th e  in tru d e r configurations even fu rth e r from  stability .
In th e  case w here th e  deform ation  p a ram ete r is around 0.6( superdeform ation) 
superdeform ed bands have been identified [31, 32, 33] in 190Hg and  192Hg . T he  
a tte m p t here to  locate  th e  superdeform ed bands following j3 decay, and  th e ir  subse­
quen t decay to  th e  ground s ta te , yielded resu lts, shown in Tables 3.1 and 3.2, which 
suggest th a t  these bands are  very weakly popu la ted  in th e  (3 decay m ode. T his is 
possible owing to  th e  fact th a t  th e  ground s ta te  of th e  paren t (T l) nuclei, which 
/3 decays and  th e  superdeform ed band of th e  Hg nuclei have very different values
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of deform ation , and  very little  rad ial overlap. W hile no superdeform ed s ta tes  were 
observed, th e  m easu rem en t, u tiliz ing  the  in te rnal pa ir fo rm ation  process, enab led  a 
sensitive lim it to  be set on th e  p robab ility  for b e ta  decay betw een th e  T1 ground  
s ta te  (and  isom er) and  th e  Hg superdeform ed sta tes. T he upper lim its  in tab les 3.1 
and  3.2 give a  q u a n tita tiv e  sense of th e  very weak popu lation  of th e  superdeform ed  
bands. In add ition , because of th e  absence of any strong  tra n s itio n  connecting  th e  
superdeform ed  band  to  th e  ground band, it can  be concluded th a t  th ere  is very l i t ­
t le  m ixing betw een these configurations. It can also be concluded th a t  th e  in trin sic  
configurations are  so different th a t  add itional and effective h indrances have g rea tly  
reduced  th e  possible b e ta  decay branch  to  th e  superdeform ed configuration. No 
th eo re tica l e s tim a tes  of such h indrances are available a t th is  tim e. T hese conclu­
sions however do no t ru le ou t th e  possib ility  of process in which th e  superdeform ed 
configuration is no t d irec tly  fed from  th e  b e ta  decay of T1 isotopes, and  these  con­
figurations th en  decay to  th e  ground band  th rough  som e in te rm ed ia te  con tinuum  of 
s ta tes.
O ne of th e  goals of th is  work on shape coexistence in th e  neu tro n  deficient Hg 
isotopes was to  loca te  th e  superdeform ed s tru c tu re s  which had  been observed by 
in -beam  spectroscopy. W hile n a tu re  thw arted  th a t  a tte m p t by e ith e r res tric tin g  
th e  b e ta  decay tran sitio n s  to  th e  superdeform ed Hg levels from  s ta tes  in  T l, or by 
th e  superdeform ed band  depopu la ting  in a way u n d e tec tab le  to  our spectroscopic 
“eye” , we nonetheless ob ta ined  th e  m ost sensitive lim its to  d a te  on th e  spectroscopic 
sensitiv ity  requ ired  to  observed superdeform ation  in  rad ioactive  decay.
T he  d e te rm in a tio n  of the  role of EO transitions  betw een shape coexisting configu­
ra tions, th e  resu lts  on th e  m easu rem en t of lifetim es in 186>188Hg, and  the  observation
on th e  p ro la te  deform ed s tru c tu re  in 190Hg all confirm  th e  valid ity  of th e  core-partic le  
coupling approach  to  th e  theo re tica l understand ing  of th e  origin of shape  coexistence 
in  th e  neu tro n  deficient Z < 82  region. In th is p ic tu re , th e  deform ed p ro la te  shapes 
observed  in  th e  region resu lt from  a  p ro ton  pair exc ita tion  in to  th e  h9/ 2 shell m odel 
o rb ita l which lies above th e  closed p ro ton  shell a t Z =82 . T h e  resu lts  are available 
for in te rp re ta tio n  w ith in  any theo re tica l fram ew ork however, and in th is  way provide 
im p o rta n t experim en ta l d a ta  on th e  sub jec t of nuclear shape  coexistence.
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A P P E N D IX  A
BUILDUP OF PARENT NUCLEI
W hen  a  constan t s tream  of p a ren t nuclei is deposited  a t a spo t, th e  p a re n t nuclei 
begins to  decay and  th e  daugh ter nuclei begin to  increase in num ber. T h is append ix  
deals w ith  th e  equations and a  FO R T R A N  code th a t  p ro jec ts  the  bu ildup  of the  
d au g h te r nuclei w ith  tim e. This in fo rm ation  can then  be used to  de te rm ine  th e  tim e  
a fte r which th e  source should be m oved away from  th e  detec to r.
Let I  be  th e  cu rren t of the  incom ing nuclei being deposited  on th e  tap e . A ssum ­
ing th a t  th e  ra te  does not vary w ith  tim e, the  ra te  of change of nuclei of th e  p a ren t 
iso tope can be given by
d- w  =  + 1 <4 J >
w here Ai is th e  decay constan t of th e  paren t and N i  is th e  num ber of nuclei of type  
1 (i.e ., p a re n t)  a t any given in sta n t of tim e. In teg rating  th is equation  4.1 gives
Logi l -X. N, )
Ai
=  t  +  const (4-2)
a t t = 0 N \ —Q im ply ing
t  =  f  [Log(I) -  L o g (I  -  X1N 1)} (4.3)
Ah =  j -  ( l  -  e~Xxi) (4.4)
Let th is  p a ren t (1) decay to  daugh ter (2) w ith  decay constan t A2, th e  ra te  of change
of th e  num ber of nuclei of type  2  is given by
—j — — \ \ N i  — A2A 2 (4.5)
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S u b stitu tin g  equation  4.4 in th e  above equation , m ultip ly ing  th rough  by N 2eXit and 
rearrang ing  the  term s gives
,dNo
+  \ 2N 2ex2< =  I  (e~ X2t -  (4 .6 )
dt
In teg ra ting  th e  above equation  and  defining th e  in itia l condition , (a t t= 0  N 2=0) 
gives
* ■= i  h  w
W hen th e  in p u t of th e  beam  of nuclei on to  th e  tap e  is stopped  equa tion  4.4 and 
4.7 becom e
JVi =  N 01e - Xl{t- ^  (4.8)
N 2 = N o i y ^ — e - ^ - ^  + ( n 02-  N 01— ^ — ) e ' W - V  (4.9) 
a 2 — A j  y  \ 2 —  A i  J
w here iVoi and  N q2 are th e  num ber of nuclei p resen t a t tim e  t c when th e  in p u t beam  
is cutoff or equivalently  when th e  ta p e  is m oved away from  th e  collection po in t.
A fo rtran  code was w ritten  to  genera te  th e  o u tp u t which ind icates th e  buildup  
of th e  num ber of nuclei of the  p a ren t and the  first daugh ter w ith  tim e. I t can be 
ex tended  to  second daugh ter and  fu rth e r on. It was not necessary for th e  experi­
m ents for th is  d isserta tion , to  ca lcu la te  th e  buildup  of th e  second daugh ter, since 
th e  half-lives of th e  daugh ter nuclei were not sm all enough to  genera te  significant 
background in the  tim e  period for which th e  tap e  was positioned  a t th e  detec tion  
s ta tions.
T he fo rtran  code w ritten  for th is process is given below, where X I, and  X2 are 
th e  nu m b er of nuclei a t any given tim e TH A LF1 and  TH A L F2 are th e  half-lives of 
th e  p a re n t and  the  dau g h te r nuclei C l and  C2 are  th e  decay constan ts of th e  p a ren t 
and  th e  d augh te r nuclei, and  T M A X  is th e  m axim um  tim e for which th e  bu ildup  is 
to  be observed.
o 
o
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P R O G R A M  B U IL D U P
R EA L X 1,I,X 2 ,T H A L F1,T H A L F2,C 1,C 2,T ,T C O L ,X 01,X 02,T M A X  
T = 0 .0
W R IT E (6 ,* )’G IV E T H E  VALUE O F  C U R R E N T  IN # /S E C  
R E A D (5,*)I
W R IT E (6 ,* )’G IV E  T H E  VALUE O F  H A L F-L IFE  O F  P A R E N T  
1 IN SE C S’
R E A D (5,*)T H A L F1
W R IT E (6 ,* )’G IV E T H E  VALUE O F  H A L F-L IFE  O F  D A U G H T E R  
1 IN SE C S’
R E A D (5,*)T H A L F2
W R IT E (6 ,* )’G IV E  T H E  C O L L E C T IO N  T IM E  IN SE C S’ 
W R IT E (6 ,* )’G IV E  T H E  C O L L E C T IO N  T IM E  IN SE C S’ 
W R IT E (6 ,* )’G IV E  T H E  C O L L E C T IO N  T IM E  IN SE C S’ 
R E A D (5,*)T C O L
W R IT E (6 ,* )’G IV E T H E  TO TA L T IM E  F O R  W H IC H  
1 Y O U  W A N T T O  S E E ’
W R IT E (6 ,* )’T H E  DECAY , IN SE C S’
R E A D (5,*)T M A X
C l= 0 .6 9 3 /T H A L F 1  
C 2= 0 .693 /T H A L F 2  
W R IT E (6 ,* )C 1 ,C 2  
10 IF (T .L E .T C O L )T H E N
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X I =  I/C 1* (1 -(E X P ((-1 )*C 1*T )))
X2 =  (I/C 2 )* (1 -((C 2*E X P ((-1 )*C 1*T ))-(C 1*E X P ((-1 )*C 2*T ))) 
1 /(C 2 -C 1))
TO T A L  =  N1 +  N2
D IF F  =  T *I - T O T A L
W R IT E (23 ,* )X 1 ,X 2 ,T O T A L ,D IF F
W R IT E (24 ,*)T ,X 1
W R IT E (25 ,* )T ,X 2
T = T + 1 .0
G O  T O  10
E N D IF
W R IT E (2 3 ,* )’-------------------------------- ’
W R IT E (23
W R IT E (2 3 ,* )’ B EA M  O F F ’
W R IT E (23
X10 =  X I 
X20 =  X2 
X20 =  X2 
20 IF (T .L E .T M A X )T H E N
X I =  X10 * E X P ((- l)* C l* (T -T C O L ))
X2 =  X 10*(C 1 /(C 2-C 1))*E X P ((-1 )*C 1*(T -T C O L )) +  (X20 - 
1 X 10*C 1/(C 2-C 1))*E X P ((-1 )*C 2*(T -T C O L )) 
W R IT E (23,*)X 1,X 2 
W R IT E (24 ,*)T ,X 1 
W R IT E (25 ,* )T ,X 2  
T = T + 1 .0  
GO  T O  20 
E N D IF
END
A P P E N D IX  B
CHIL FILE
Following is an exam ple of a  typ ical CH IL file used to  scan the  tap es  of coinci­
dence events.
T E X  11 /18 /91  1 STA TIO N  5 D E T  DUAL CO IN
H16
LSTL =  8192 
N P R  =  12
D IP  A D C (6 ) 
D IP  T A C (6 ) 
ASS A D C (l)  
ASS A D C(2) 
ASS A D C (3) 
ASS A D C (4) 
ASS A D C(5) 
ASS T A C (l)
ASS TA C(4)
32 B IT  H ISTO S 
T A P E  R E C O R D  LEN.
=  8192 8 K A D C ’S
1 =  2048 AD811 TD C
92 8 K ADC
=  1 E l 8 K
=  2 E2 8 K
=  3 G1 8 K
=  4 G2 8 K
=  5 X I 8 K
-  6 TAC E1-E2
=  7 TAC E l-G l
=  8 TAC E l-X l
=  9 TAC G 1-G 2
=  10 TAC E2-G2
=  11 TAC G l-X l
=  12 G1 8 K 7M EV
ASS T A C (6 )
ASS A D C (6 ) 
H (A D C (1),A D C (2))L (4096,4096)G (TA C (1) 890,1548) 
1 G (A D C (3) 1150,1171)G(AD C(4) 1148,1168)
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T he CH IL file above, was used for scanning tapes which sto red  d a ta  from  5 
de tec to rs  (tw o Si(L i), two Ge and  one x-ray de tec to r(G e) used as an x-ray de tec to r). 
I t  was used to  generate  a  tw o-dim ensional m a trix  betw een electron  d e tec to r E l 
(A D C (l))  and electron  d e tec to r E2 (A D C (2)) which was 4096 x 4096 channels and 
g a ted  on th e  E1-E2 tac  (T A C (l))  from  channel 890 to  1548. T his scan also had 
gates on th e  two germ anium  de tec to rs  G l (A D C (3)) and  G 2 (A D C (4)).
A P P E N D IX  C
LIFETIM E T FRO M  M E A SU R E M E N T  OF PE A K  W ID T H
In th e  section 3.3.1, the  roo t-m ean-square  value of the  d istrib u tio n  of th e  events 
in  th e  TAC peak was used to  ob ta in  th e  lifetim e inform ation. T he  equation  con­
necting  a  of the  p rom p t and th e  delayed TAC peaks to  th e  lifetim e r  is derived 
below. T he derivation of the  equation  th a t helps to  calcu late  the  a  value, which is 
ind ep en d en t of th e  background, is also s ta te d  and  th e  end of th is  appendix .
Let <7P be the  roo t-m ean-square  value of th e  ind iv idual d istrib u tio n  of th e  TAC 
peaks. Let a t be th e  roo t-m ean-square  value of the  sum  of two TAC peaks. Let the  
two ind iv idual d istribu tions have centroids a t x \  and X2 . T he  a  can  be defined as
w here f \  is th e  counts per channel x  and  N  is th e  to ta l counts of th e  d istribu tion .
T hen
and
Now
2  _  Y ^ / C / i j K / 2 ) ^ x  _  . X 1A 2 +  X 2N \  2  ^
fft ~  Nr + N2 ’ ~ K Ni + N2 j
If A i ss N 2 ~  N
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th en  if th e  two individual TAC peaks are  separa ted  by an am oun t 2r
X j  — X 2 =  2  r
Now <t i is th e  s ta n d a rd  dev ia tion  of th e  ind iv idual d istr ib u tio n , which is a  gaussian 
folded w ith  an exponen tial, w here th e  decay constan t of th e  exponen t equals to  1/ r .  
T h is  <71 therefore  carries the  in form ation  of th e  lifetim e r ,  and th e  em pirical rela tion  
is
+ r2
T he  final re la tion  m ay  now be w ritten  as
<7t2 =  a 2 +  2 r 2
H ere it can be safely assum ed th a t  th e  charac te ris tics  of th e  ind iv idual TAC peaks 
are  alike.
In order to  o b ta in  th e  TAC peak  for th e  x - x  coincidence, th e  following techn ique 
was em ployed. A large num ber of com pton  sca tte red  events, corresponding  to  the  
high energy tran sitions  appear under the  x-ray peaks. T hese events could be  ca rry ­
ing lifetim e inform ation  which are  not of in te rest and were therefore  app rop ria te ly
su b tra c te d . In case of high energy 7  tran sitions , th e  background around  th e  peak  is 
norm ally  flat for all p rac tica l purposes. In th e  case however it is different because 
of th e  lower th resho ld  cutoff of th e  C FD s, as discussed earlier. T he  x-ray peak  was 
so w ide th a t  if an  equally  w ide background was selected, it  overlapped  w ith  som e 
of the  tru e  7 -ray  peaks in th e  spectrum . If th is  background were to  be su b tra c te d  
from  th e  x-ray  peak  it could resu lt in destruc tion  of the  shape of th e  TAG peak , 
due to  shift in th e  centro id  of th e  TAG peaks arising from  th e  energy dependence,. 
T h is m ade  it necessary to  d iv ide th e  x-ray peak in to  two equally  w ide sections and 
select an  equally  w ide background section on th e  h igher side of th e  peak. D epending  
on th e  ra tio  of th e  tru e  events to  th e  background events under th e  x-ray  peak , an 
ap p ro p ria te  fac to r was de te rm ined . T his factor was th en  m ultip lied  to  th e  back­
ground  region selected , and su b tra c te d  from  the  x-ray peak. W hen th e  gates were 
selected  on th e  x-ray  regions in b o th  detec to rs, th ere  was background u nder b o th  x- 
ray  peaks. If x-background events were to  be su b trac ted  from  b o th  de tec to rs , it  led 
to  oversub trac tion  of th e  background-background events. A gate  was therefo re  set 
on background in b o th  de tec to rs  in o rder to  o b ta in  background-background  events 
which were finally added  to  com pensate  for th e  oversub trac tion .
T his techn ique was investiga ted  using a  207Bi source, w here th e  level a t 569 keV 
has a know n half-life of 131 ps. We m easured  th e  x - x -e~ tr ip le  coincidences 
betw een th e  x-rays o rig inating  from  th e  K -electron cap tu re  decay in to  th e  569-keV 
s ta te , and  th e  x-rays and  electrons o rig inating  from  th e  in te rn a l K -conversion of th e  
569-keV E2 ground s ta te  tran sitio n . To o b ta in  the  value of a  for th e  resu lting  TAC 
peak , independen t of th e  background, a  of th e  whole d istr ib u tio n  (background  plus 
th e  peak) was m easured  over various regions. T he regions were selected  such th a t
th ey  were sym m etric  abou t an app rox im ate  centro id  of th e  peak. A fter th e  a  was 
m easu red , a flat background was assum ed under th e  peak  w ith  a  a^kg as th e  value 
of sigm a for th e  flat background d istribu tion . Being a  flat background th is  value of 
(Tbkg was a  function  of th e  w id th  of th e  region over which th e  to ta l a  was m easured . 
T hen  a ^ k g  was de te rm ined , such th a t  a p ea k did no t change as a  function  of th e  w id th  
of region over which th e  to ta l <7 was m easured . Using the  equation
2   2 , 2
® p ea k + b k g  ® peak  ' ®bkg
Vpeak can  be calcu la ted . Using th is  m ethod  crp for th e  p ro m p t tra n s itio n  and  a t 
for th e  sum  peak  can be  m easured  to  give th e  value of th e  lifetim e r .
A P P E N D IX  D
STATISTICAL METHOD USED TO CALCULATE THE 0+ 
LIFETIME IN 186Hg
T he d a ta  for th e  lifetim e m easurem ent of the  0^ level in 186Hg ind ica ted  a  neg­
a tive  value of th e  lifetim e w ith  an erro r-bar g rea ter th an  th e  absolu te  value of the  
lifetim e. T his appendix  deals w ith  the  s ta tis tica l analysis to  o b ta in  th e  physical 
m ean ing  ou t of th is da ta .
T he  centro id  for th e  p ro m p t peak (com bination  of th ree  tacs w ith  know n life­
tim es; see Fig. 3.31) was 787.6 ±  2.3 and for th e  523 keV tran s itio n  was 786.7 ± 1 .9  
im ply ing  a  lifetim e of —0.9 ±  3.0 channels. T his can be rep resen ted  by a  gaussian 
w ith  a  centro id  a t channel -0.9 and a cr of 3.0 channels. C onsidering only th e  a rea  
u n d er th e  curve on th e  positive side as th e  physical area, th is  a rea  was de te rm ined  
to  be 0.382 (for a norm alized gaussian curve th e  to ta l a rea  under th e  curve is 1.0). 
To m easure  the  lifetim e a t 90% confidence lim it, th e  tru e  physical a rea  becom es 
0.344. Also the  a rea  betw een th e  channel 0 and -0.9 was ca lcu la ted  to  be 0.1179. 
H ence th e  to ta l a rea  was 0.4617. From  th e  s tan d a rd  tab les, th is to ta l a rea  can be 
a ttr ib u te d  to  1.9cr,as th e  lim it (i.e., 1.9 x 3.0 channels). T he  tim e  dispersion being 
13.2 p s /ch an n e l, resu lted  in lifetim e of 1.9 x 3.0 x 13.2 =  75ps or half-life of 52 ps 
as th e  u pper lim it.
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